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ABSTRACT 
Age and Petrogenesis of the Roaring Mountain Rhyolites, 
Yellowstone Volcanic Field, Wyoming 
By 
Kathleen Marie Wooton 
Dr. Terry L. Spell, Examination Committee Chair 
Associate Professor of Geology 
University of Nevada, Las Vegas 
Extracaldera rhyolites in the Norris-Mammoth Corridor of the Yellowstone Volcanic 
Field (YVF) appear to be unrelated to intracaldera volcanism, resulting instead from a 
new crustal magma source derived from northeastward propagation of the Yellowstone 
“melting anomaly.”  The youngest extracaldera rhyolite unit, the Roaring Mountain 
Member (RM), is chemically distinct from the previous extracaldera lavas, reverting to 
more primitive compositions.     
This study suggests that the majority of the RM rhyolites erupted from the same 
large-scale silicic magma system.  Based on geochemistry and 40Ar/39Ar geochronology, 
the Crystal Spring mingled rhyolite and Obsidian Cliff rhyolite erupted concurrently at 
59.1 ± 2.0 ka.  The mafic enclaves within the Crystal Spring mingled rhyolite are 
compositionally similar to the Swan Lake Flat basalts.  Their presence confirms mafic 
magmatism persisted after the latest basalt eruptions at 209 ka.  The residual Obsidian 
Cliff magma subsequently underwent fractional crystallization and erupted as the main 
flow of the Gibbon River rhyolites in 52.0 ± 8.5 ka.  Two other flows within the Gibbon 
River rhyolites may have evolved as small, independent melts that erupted concurrently 
with the main Gibbon River flow.  238U/230Th zircon geochronology indicates magma 
residence times of up to 160 ka.   
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CHAPTER 1 
INTRODUCTION 
 After decades of research, the origin and evolution of large-scale silicic magma 
systems is still debated.  Specifically, the ability of such systems to develop and maintain 
large magma reservoirs for more than 100 ka is uncertain.  Early research on granites and 
rhyolites considered plutons and silicic magma systems as large, upper crustal, 
convecting magma bodies that are thermally sustained by mafic sills over millions of 
years (i.e. Hildreth, 1981; Lipman, 1984).  More recently, the time frame of production 
and evolution, and the nature of the magma chambers from which large volume silicic 
magmas are erupted have been called into question.  Isotopic dating of some large silicic 
lavas suggest magma systems are long-lived and can evolve relatively homogeneously 
over several 100 ka prior to eruption (Halliday et al., 1989; Christensen and DePaolo, 
1993; Christensen and Halliday, 1996).  However, other studies indicate magma systems 
are developed rapidly and silicic magmas are erupted shortly after formation, with 
minimal or no interaction between temporally-related magmas (Bindeman et al., 2001; 
Vazquez and Reid, 2002; Gibler, 2007).  For example, geochemistry and geochronology 
from the Jemez Volcanic Field indicate the post-collapse rhyolite domes were generated 
separately, in small magma batches and were not maintained in a single large coherent 
system (Wolff and Gardner, 1995; Gibler, 2007).  Even research on the products of a 
single eruption is conflicting.  Rb/Sr ages suggest that the Long Valley caldera’s Bishop 
Tuff magma was generated and maintained for over 300 ka (Halliday et al., 1989; 
Christensen and DePaolo, 1993; Christensen and Halliday, 1996).  However, zircon U/Pb 
ages do not support a long Bishop Tuff magma residence time.  The U/Pb ages indicate 
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zircons grew less than 100 ka prior to the Bishop Tuff eruption (Simon and Reid, 2005).  
Zircons are typically the first phenocrysts to grow in a magma, suggesting either a very 
prolonged period lacking crystal growth or incorrect Rb/Sr ages (Reid and Coath, 2000; 
Simon and Reid, 2005). 
 The Yellowstone Volcanic Field, Wyoming (YVF, Figure 1.1), is one of three large-
scale caldera-forming volcanic fields in the western United States, along with the Long 
Valley and Jemez Volcanic Fields (California and New Mexico, respectively).  The YVF 
has been the site of three caldera collapse events over the last 2.2 Ma.  Magma production 
in the crust beneath the YVF is driven by a melting anomaly in the mantle (Christiansen 
and Blank, 1972; Christiansen, 2001) and has repeatedly produced large volumes of 
silicic magma.  Both basaltic and rhyolitic lava flows are present in the field.  The last 
volcanic activity occurred at ~70 ka (Obradovich, 1992), but Yellowstone is currently the 
site of vigorous hydrothermal activity (Christiansen, 2001).  Seismic low-velocity 
anomalies beneath the Norris-Mammoth Corridor north of the Yellowstone caldera, and 
beneath the Yellowstone caldera, suggest the presence of magma bodies in the crust 
beneath Yellowstone (Husen et al., 2004).   
 Early work on the YVF (Figure 1.2) classified the young rhyolite flows and domes 
north of the Yellowstone caldera (Obsidian Creek, OC, and Roaring Mountain, RM, 
Members) as post-collapse, extracaldera rhyolites related to the third-cycle caldera 
eruptions at Yellowstone (Christiansen and Blank, 1972).  Hildreth and others (1991), 
however, suggested that extracaldera rhyolites are distinct from the intracaldera rhyolites, 
and formed as small, independent crustal melt magma batches associated with basaltic 
magmatism north of the caldera.  Recent work by Nastanski (2005) also indicated that 
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extracaldera rhyolites are chemically unrelated to the Yellowstone intracaldera rhyolites, 
but instead suggests most of the extracaldera rhyolites were erupted from a single, large-
scale magma system.  The presence of a young, distinct volcanic system north of the 
Yellowstone caldera suggests that the YVF may be in the initial stages of a fourth caldera 
cycle (Nastanski and Spell, 2004a; Spell et al., 2004).   
 This study will focus on the geochemistry, timing of establishment, and evolution of 
the RM magma system to test the hypothesis that the extracaldera rhyolites were derived 
from a single, large-scale, long-lived magma system beneath the Norris-Mammoth 
Corridor (Spell et al., 2004; Nastanski, 2005).  The youngest basaltic eruption in the YVF 
is the Panther Creek volcano which erupted at 209 ka (Smith and Bennett, 2006).  
However, a recently discovered mafic-silicic mingled lava in the youngest RM flow 
(Nastanski, 2005), the Crystal Spring rhyolite (~80 ka, Obradovich, 1992), records the 
continued presence of younger mafic magmas beneath the Norris-Mammoth Corridor.  
Understanding the evolution of the most recent rhyolites in the Norris-Mammoth 
Corridor and determining possible causes of their eruption may provide better constraints 
on the cause, timing, and location of the next Yellowstone volcanic eruption.   
 This study will also add to the ongoing research into the cause and nature of large-
scale silicic magmatism.  U/Pb zircon ages argue for a residence time of less than 100 ka 
for the Lava Creek Tuff in Yellowstone (Bindeman et al., 2001; Vazquez and Reid, 
2002).  However, U/Pb zircon ages from the post-Lava Creek Tuff extracaldera rhyolites 
indicate the OC & RM Member rhyolites evolved from a single coherent magma system 
that was active for up to 350 ka (Spell and Nastanski, 2004; Nastanski, 2005).  This 
research contributes additional information to the large-scale silicic magma system 
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lifetime vs. thermal sustainability controversy by determining whether the RM rhyolites 
were derived from small independent magma batches, from a single, magma system with 
a short lifespan of <~100 ka, or from the same single long lived, large-scale magma 
system as the OC rhyolites. 
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Figure 1.1. Map showing the three calderas of the Yellowstone Volcanic Field.  The 
third caldera is the Yellowstone caldera.  The boxed area north of the Yellowstone caldera 
is the Norris-Mammoth Corridor where the extracaldera rhyolites were erupted.  Modified 
from Christiansen (2001).
Figure 1.2. Geologic map of Norris-Mammoth Corridor in the Yellowstone Volcanic 
Field.  The three rhyolite flows of this study are labeled.  Map from Christiansen (2001).
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Figure 1.1. Map showing the three calderas of the Yellowstone Volcanic Field.  The 
third caldera is the Yellowstone caldera.  The boxed area north of the Yellowstone caldera 
is the Norris-Mammoth Corridor where the extracaldera rhyolites were erupted.  Modified 
from Christiansen (2001).
Figure 1.2. Geologic map of Norris-Mammoth Corridor in the Yellowstone Volcanic 
Field.  The three rhyolite flows of this study are labeled.  Map from Christiansen (2001).
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CHAPTER 2 
GEOLOGIC BACKGROUND 
 The Yellowstone Volcanic Field (YVF) is a large-scale, bimodal continental volcanic 
field located at the northeastern end of a propagating 16.6 Ma “hotspot” track (Hooper et 
al., 2002).  This track originates at the Columbia River flood basalts and defines the over 
500 km long Snake River Plain, before terminating at the YVF (Armstrong et al., 1975).  
Although originally considered a classic continental mantle plume hotspot (Morgan, 
1972; Lowry et al., 2000), some investigators suggest an origin as a melting “anomaly” 
based on Yellowstone volcanism characteristics and geophysical observations that are 
inconsistent with plume models (Christiansen, 2001; Christiansen et al., 2002).  
However, there is still debate regarding the origin of the Yellowstone “hotspot” (Pierce 
and Morgan, 2009; Smith et al., 2009).  
 The YVF is located within an area of Archean gneissic granitoids (2.8 Ga high-grade 
metasedimentary and metavolcanic rocks) that are exposed in the Teton Mountain Range 
to the south and the Beartooth Mountains to the northeast (Hildreth et al., 1991).  These 
Archean granitoids are overlain by Cambrian to Cretaceous marine sedimentary rocks, 
exposed to the north and south of the YVF, and by Eocene andesites of the Absaroka 
Mountain Range, east of the YVF (Hildreth et al., 1991).  Precambrian mafic dike 
swarms also intrude the region (Hildreth et al., 1991).  In the Yellowstone area, the 
maximum thickness of the Phanerozoic marine sediments is ~2.5 km and the Absaroka 
volcanic rocks are up to ~1.5 km thick (Hildreth et al., 1991).  Since current modeling 
indicates a top depth of 8 km for the active magma system beneath the Yellowstone 
Caldera (Husen et al., 2004), any magma reservoir beneath the Yellowstone Caldera 
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would likely be located in Archean gneissic granitoid basement (Hildreth et al., 1991).  
However, a magma system northwest of the Yellowstone Caldera could be located at a 
much shallower depth (>2 km) and within shallower country rock (Husen et al., 2004). 
 The YVF is characterized by three caldera collapse events over the last 2.2 Ma 
(Figure 1.1) (Christiansen and Blank, 1972; Obradovich, 1992; Christiansen, 2001).  The 
oldest volcanic rocks in the Yellowstone area are the 2.2-2.1 Ma Junction Butte basalt 
and the Rhyolite of Snake River Butte (Figure 2.1) (Christiansen, 2001).  At 2.06 Ma the 
Huckleberry Ridge Tuff erupted forming a 2,500 km3 ash-flow tuff that covered 17,000 
km2 (Hildreth et al., 1984; Lanphere et al., 2002) and resulted in the first caldera collapse 
event, forming a caldera with dimensions of 75 km by 95 km (I, Figure 1.1) 
(Christiansen, 2001).  Volcanism continued after caldera collapse with the Big Bend 
Ridge postcaldera rhyolite flows, erupted between 1.8 and 1.3 Ma (Christiansen, 2001).  
Following the eruption of the 280 km3 Mesa Falls Tuff at 1.29 Ma, a second caldera 
collapse occurred, this time creating the small 16 km diameter Henry’s Fork caldera (II, 
Figure 1.1) in the western YVF (Hildreth et al., 1984; Christiansen, 2001; Lanphere et 
al., 2002).  Postcollapse volcanism continued with the 1.3 to 1.2 Ma Island Park 
rhyolites, erupted concurrently with continued regional basaltic volcanism (Christiansen, 
2001).  Between 1.2 and 0.61 Ma, the Mount Jackson rhyolite erupted from fissures in 
the area of the youngest YVF caldera (Christiansen, 2001).  With the eruption of the 
1,000 km3 Lava Creek Tuff at 639 ka, the Yellowstone caldera collapse event occurred, 
forming an elliptical, 85 km by 45 km compound caldera (III, Figure 1.1) (Hildreth et al., 
1984; Christiansen, 2001; Lanphere et al., 2002).   
 9
 Post-Lava Creek eruptions produced two resurgent rhyolite domes and several other 
rhyolite flows within the caldera as early as 516 ka, infilling the caldera with the Plateau 
Rhyolite (Figure 2.1) until ~70 ka (Obradovich, 1992; Christiansen, 2001).  The 
Riverside and Cougar Creek extracaldera rhyolites (classified as part of the Roaring 
Mountain Member) erupted at 526 ka and 356 ka, respectively, northwest of the 
Yellowstone caldera (Christiansen and Blank, 1972; Christiansen, 2001; Nastanski, 
2005).  The Obsidian Creek extracaldera rhyolites (Figure 1.2) erupted north of the 
Yellowstone caldera from 326 ka until 134 ka, with an apparent lull in volcanism before 
the 134 ka eruption (Spell and Nastanski, 2004; Nastanski, 2005).  Basaltic volcanism 
north of the Yellowstone Caldera ceased at 209 ka with the eruption of the Swan Lake 
Flat basalts (Nastanski and Spell, 2004b; Bennett, 2006; Smith and Bennett, 2006).  The 
Roaring Mountain extracaldera rhyolites (Figure 1.2), Gibbon River, Obsidian Cliff, and 
Crystal Spring flows, erupted from 118 ka to 80 ka along the Norris-Mammoth Corridor 
(Obradovich, 1992; Nastanski, 2005).   
 Currently, the YVF is the site of vigorous hydrothermal activity, exhibiting hundreds 
of geysers, hot springs, mud pots, and fumaroles.  The hydrothermal sites are focused 
around Yellowstone Lake, within the Yellowstone caldera, and in the Norris-Mammoth 
Corridor – most notably at Norris Geyser Basin and Mammoth Hot Springs (Kharaka et 
al., 2000; Christiansen et al., 2007).  The chemical composition of the gases (dominantly 
CO2) discharged at these sites indicate a mantle-derived magmatic source for the 
hydrothermal heat (Kharaka et al., 2000). 
 Though the ash-flow tuffs have a low permeability, numerous faults and fractures 
(Figure 2.2) allow for the water circulation vital in sustaining the hydrothermal features 
 10
(Jaworowski et al., 2006).  The YVF is characterized by numerous small (M ≤ 3) 
earthquakes each year, but historically has had several large earthquakes.  The largest 
historical earthquake, the Hebgen Lake earthquake (M = 7.5) in 1959, caused as much as 
6 m of offset along faults (Christiansen et al., 2007).  The last large earthquake (M = 6.1) 
was located within the Norris Geyser Basin in 1975 (Christiansen et al., 2007). 
 In the 1970s, it was recognized that the YVF was exhibiting continuous crustal uplift 
across the area of the Yellowstone caldera (Christiansen et al., 2007).  In 1986, uplift 
changed to subsidence in the caldera region (Christiansen et al., 2007) and in the 1990s, a 
complex period of crustal deformation, interpreted as magma movement beneath the 
region, began in the area of the Norris-Mammoth Corridor and the north rim of the 
Yellowstone caldera (Figure 2.3) (Wicks et al., 2006).  Since 2002, the dynamic 
deformation of the YVF has halted and stabilized (Wicks et al., 2006). 
11
12
13
Fi
gu
re
 2
.1
. 
G
en
er
al
iz
ed
 s
tra
tig
ra
ph
ic
 c
ro
ss
-s
ec
tio
n 
of
 th
e 
Ye
llo
w
st
on
e 
Vo
lc
an
ic
 F
ie
ld
. 
M
od
ifi
ed
 fr
om
 C
hr
is
tia
ns
en
 a
nd
 B
la
nk
 (1
97
2)
.
Figure 2.2. Geologic map of Yellowstone Volcanic Field showing major faults. Geo-
logic units are: Qs, surficial deposits; Qpc, Central Plateau Member of Plateau Rhyolites; 
Qsr, Snake River Group basalts; Qpm, Mallard Lake Member of Plateau Rhyolites; Qpe, 
extracaldera rhyolites; Qby, young extracaldera basalts; Opu, Upper Basin Member of 
Plateau Rhyolites; Qyl, Lava Creek Tuff; Quf, Undine Falls Basalt; Qml, Mount Jackson 
and Lewis Canyon Rhyolites; Qi, Island Park Rhyolite; Qym, Mesa Falls Tuff; Qbbu, 
upper lavas of Big Ridge Rhyolite; Qbbl, lower lavas of Big Bend Ridge Rhyolite; Tyh, 
Huckleberry Ridge Tuff; Tsb, Snake River Butte rhyolite; QTbo, older basalts; TpC, rocks 
predating the Yellowstone Volcanic Field.  Modified after Christiansen et al., 2007, with 
geology from Christiansen (2001).  Details of study area shown in Figure 1.2.
Figure 2.3. Interferograms documenting change in elevation from (a) summer 1996 to 
summer 2000 and (b) summer 2001 to summer 2002.  One color succession from violet to 
red indicates a distance change of 28.3 mm between the monitoring satellite to the ground.  
The white dots mark the epicenters of earthquakes recorded during the time span of the 
interferograms.  The black dotted boundary marks Yellowstone National Park and the black 
hashed boundary outlines the Yellowstone caldera rim.  NGB is Norris Geyser Basin.  
From Wicks et al., 2006.
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Figure 2.2. Geologic map of Yellowstone Volcanic Field showing major faults. Geo-
logic units are: Qs, surficial deposits; Qpc, Central Plateau Member of Plateau Rhyolites; 
Qsr, Snake River Group basalts; Qpm, Mallard Lake Member of Plateau Rhyolites; Qpe, 
extracaldera rhyolites; Qby, young extracaldera basalts; Opu, Upper Basin Member of 
Plateau Rhyolites; Qyl, Lava Creek Tuff; Quf, Undine Falls Basalt; Qml, Mount Jackson 
and Lewis Canyon Rhyolites; Qi, Island Park Rhyolite; Qym, Mesa Falls Tuff; Qbbu, 
upper lavas of Big Ridge Rhyolite; Qbbl, lower lavas of Big Bend Ridge Rhyolite; Tyh, 
Huckleberry Ridge Tuff; Tsb, Snake River Butte rhyolite; QTbo, older basalts; TpC, rocks 
predating the Yellowstone Volcanic Field.  Modified after Christiansen et al., 2007, with 
geology from Christiansen (2001).  Details of study area shown in Figure 1.2.
Figure 2.3. Interferograms documenting change in elevation from (a) summer 1996 to 
summer 2000 and (b) summer 2001 to summer 2002.  One color succession from violet to 
red indicates a distance change of 28.3 mm between the monitoring satellite to the ground.  
The white dots mark the epicenters of earthquakes recorded during the time span of the 
interferograms.  The black dotted boundary marks Yellowstone National Park and the black 
hashed boundary outlines the Yellowstone caldera rim.  NGB is Norris Geyser Basin.  
From Wicks et al., 2006.
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logic units are: Qs, surficial deposits; Qpc, Central Plateau Member of Plateau Rhyolites; 
Qsr, Snake River Group basalts; Qpm, Mallard Lake Member of Plateau Rhyolites; Qpe, 
extracaldera rhyolites; Qby, young extracaldera basalts; Opu, Upper Basin Member of 
Plateau Rhyolites; Qyl, Lava Creek Tuff; Quf, Undine Falls Basalt; Qml, Mount Jackson 
and Lewis Canyon Rhyolites; Qi, Island Park Rhyolite; Qym, Mesa Falls Tuff; Qbbu, 
upper lavas of Big Ridge Rhyolite; Qbbl, lower lavas of Big Bend Ridge Rhyolite; Tyh, 
Huckleberry Ridge Tuff; Tsb, Snake River Butte rhyolite; QTbo, older basalts; TpC, rocks 
predating the Yellowstone Volcanic Field.  Modified after Christiansen et al., 2007, with 
geology from Christiansen (2001).  Details of study area shown in Figure 1.2.
Figure 2.3. Interferograms documenting change in elevation from (a) summer 1996 to 
summer 2000 and (b) summer 2001 to summer 2002.  One color succession from violet to 
red indicates a distance change of 28.3 mm between the monitoring satellite to the ground.  
The white dots mark the epicenters of earthquakes recorded during the time span of the 
interferograms.  The black dotted boundary marks Yellowstone National Park and the black 
hashed boundary outlines the Yellowstone caldera rim.  NGB is Norris Geyser Basin.  
From Wicks et al., 2006.
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CHAPTER 3 
PREVIOUS WORK 
 Fenner (1938) first described mafic-silicic mingled lavas within the extracaldera 
rhyolites of the Yellowstone Caldera.  However, Christiansen and Blank (1972) actually 
mapped and named the Central Plateau, Obsidian Creek (OC), and Roaring Mountain 
(RM) Members of the Plateau Rhyolite (Figure 2.2).  They grouped the Cougar Creek, 
Riverside, Obsidian Cliff, and Crystal Spring rhyolite flows into the extracaldera RM 
Member of the Plateau Rhyolite, and the Gibbon River flow was placed in the Central 
Plateau Member (Figure 2.2) of the Plateau Rhyolite.  This classification was based on 
stratigraphic relationships, petrographic similarities, and initial geochronology 
(Christiansen and Blank, 1972).   
 Hildreth and others (1991) published preliminary geochemistry on the OC and RM 
rhyolites.   They observed that the extracaldera rhyolites are isotopically and chemically 
distinct from the Central Plateau rhyolites and other Yellowstone Caldera rhyolites 
(Hildreth et al., 1991).  Hildreth and others (1991) also suggested that the extracaldera 
rhyolites were produced from independent melt batches, which were unrelated to each 
other and unrelated to the Yellowstone Caldera’s post-collapse rhyolites.   
 Obradovich (1992) used K/Ar geochronology to date the Plateau Rhyolite flows, 
including the Cougar Creek (399 ± 3 ka), Obsidian Cliff (183 ± 3 ka), Gibbon River (90 
± 2 ka) and Crystal Spring (80 ± 2 ka) flows (all reported uncertainties are 1σ).  After 
reexamining the Plateau Rhyolite flows, Christiansen (2001) placed the Gibbon River 
flow (Figure 2.2) within the RM Member.   
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 More recent work by Nastanski and Spell (2004a), Nastanski and Spell (2004b), Spell 
and Nastanski (2004), and Nastanski (2005) produced new interpretations of the 
Yellowstone Caldera’s extracaldera lavas.  Evaluation by Nastanski (2005) of previous 
geochemistry (Hildreth et al., 1991) and new analyses (Nastanski and Spell, 2004a; 
Nastanski, 2005) of the OC and RM rhyolites indicate that the extracaldera rhyolites 
exhibit (87Sr/86Sr)i, εNd, Pb isotope ratios, and δ18O values that are inconsistent with 
derivation from the same magma system as the coeval rhyolites erupted within the 
Yellowstone caldera.  These results agree with the conclusions of Hildreth and others 
(1991).  New dates and redating of the extracaldera rhyolites by 40Ar/39Ar geochronology 
provided new ages for the Roaring Mountain Member rhyolites (Riverside: 525.8 ± 3.3 
ka; Cougar Creek: 368.2 ± 2.0 ka; Gibbon River: 118.0 ± 10.0 ka; and Obsidian Cliff: 
105.6 ± 1.0 ka, all reported uncertainties are 1σ) (Nastanski, 2005).  Some of these new 
40Ar/39Ar ages indicate that the ages Obradovich (1992) obtained by K/Ar were off by as 
much as 75 ka (e.g. Obsidian Cliff flow) (Nastanski, 2005).   
 The OC flows are porphyritic rhyolites that erupted between 326-134 ka (Nastanski, 
2005).  Ion microprobe 230Th/238U and 206Pb/238U zircon ages indicate that the OC silicic 
magma system was established as early as 450 ka (Spell and Nastanski, 2004).  
Geochemical modeling suggests that the OC rhyolite magma system was injected with 
mafic magma represented by the Swan Lake Flat basalts (Nastanski, 2005), and several 
mingling events occurred between 326 and 263 ka (Nastanski, 2005).  After the mingling 
events, geochemical modeling indicates the OC magma continued to evolve by simple 
fractional crystallization (Figure 3.1) (Nastanski, 2005).   
 16
 The RM Member rhyolites post-date the OC Member rhyolites and consist of five 
rhyolite flows (as defined by Christiansen, 2001).  However, Nastanski and Spell (2004b) 
and Nastanski (2005) found that the Cougar Creek and Riverside flows are chemically, 
temporally, and spatially unrelated to the youngest three flows, the Gibbon River, 
Obsidian Cliff, and Crystal Spring rhyolites.  The RM rhyolite (as described by 
Nastanski, 2005) consists of aphyric to sparsely porphyritic lavas that erupted between 
118 and 80 ka (Obradovich, 1992; Nastanski, 2005).  Between the last OC flow, the 
Gibbon Hill rhyolite, and the first RM flow, the Gibbon River rhyolite, the RM rhyolites 
revert to more primitive, less-evolved compositions (Figure 3.1) (Nastanski, 2005).  This 
sudden change in chemistry before the onset of eruption of the RM rhyolites suggests that 
the magma system may have undergone a mafic recharge event resulting in mafic-silicic 
magma mixing and production of less-evolved magma compositions (Nastanski, 2005).  
This hypothesis is supported by the recently discovered mafic-silicic mingled lava in the 
Crystal Spring flow (Nastanski and Spell, 2004a; Nastanski, 2005).  However, the exact 
timing of the mingling event represented in the Crystal Spring lava flow is uncertain; the 
mingling event could have triggered the eruption, occurring immediately prior to eruption 
of the Crystal Spring flow, or mingling could have happened at any greater time before 
eruption (with something else triggering the eruption).  Based on three geochemical 
analyses, the RM rhyolites appear to record simple fractional crystallization after mafic-
silicic mixing and mingling in the system (Nastanski, 2005).   
 The three younger RM rhyolites are the flows that are pertinent to this study.  The 
Gibbon River rhyolite contains phenocrysts of sanidine, quartz, plagioclase, 
clinopyroxene, and orthopyroxene (Christiansen and Blank, 1972; Nastanski, 2005).  The 
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Obsidian Cliff and Crystal Spring rhyolites are mostly aphyric glass with sparse 
phenocrysts of plagioclase and zircon (Christiansen and Blank, 1972; Nastanski, 2005).  
The mingled lavas in the Crystal Spring rhyolite contain plagioclase and clinopyroxene 
phenocrysts (Christiansen and Blank, 1972; Nastanski, 2005).  The mafic enclaves within 
the Crystal Spring lava are sub-spherical clots of fine-grained plagioclase and 
clinopyroxene groundmass that exhibit crenulate margins (Nastanski, 2005). 
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Figure 3.1. Eruption age vs. trace element concentration (Rb, Ta, and La) plots showing 
increasing/decreasing trends with age for the Obsidian Creek and Roaring Mountain 
Member rhyolites.  Black arrows are fractional crystallization trends.  Mingled lavas from 
the Obsidian Creek Member commonly plot off trends (samples GLM-2, GLM-2a, 
GRM-1a and AS-1a).  Filled-diamonds are samples from the Obsidian Creek Member and 
open-diamonds are samples from the Roaring Mountain Member.  Red arrows indicate 
sudden chemistry change between Gibbon Hill (OC) and Gibbon River (RM) flows.  
Modified from Nastanski (2005).
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CHAPTER 4 
ANALYTICAL METHODS 
 Rock samples from all three Roaring Mountain rhyolite flows were collected from 
Yellowstone National Park, Wyoming, during June of 2006.  Sample collection was 
based on the mapping of the Roaring Mountain flows by Christiansen (2001).  An 
attempt was made to collect representative samples from across the entire surface area of 
each rhyolite flow, however, fallen logs and new growth from the 1988 Yellowstone 
forest fire made some areas completely inaccessible.  Four enclave-rich obsidian samples 
and four corresponding fresh enclave samples were collected from the Crystal Spring 
flow (Figure 4.1).  Fourteen unaltered, black obsidian and several pumiceous samples 
were collected from the Obsidian Cliff flow (Figure 4.1).  From the Gibbon River flow, 
fifteen rhyolite, obsidian and pumiceous rhyolite samples were collected (Figure 4.2).  
Thin section billets were cut from each sample and sent to Quality Thin Sections in 
Tucson, Arizona, where polished thin sections were made.  A portion of the remaining 
sample material was broken into 2-4 cm chips using a jaw crusher fitted with tungsten 
carbide plates.   
 
XRF Geochemistry 
 Clean, unaltered rock chips were picked for each sample and sent to Washington 
State University’s GeoAnalytical Lab where loss on ignition, XRF and ICP-MS analyses 
were performed.  At the GeoAnalytical Lab the chips were ground into powder in an 
agate container.  The powdered sample was then mixed with dilithium tetraborate 
(Li2B4O7) in a 2:1 Li2B4O7 to sample mix (Johnson et al., 1999).  The Li2B4O7 is used as 
a flux when fusing the sample into a bead.  The mixture was placed in a graphite crucible, 
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then fused in a muffle furnace at 1000°C.  The glass sample was reground in an agate 
swing mill and refused at 1000°C in an attempt to achieve homogeneity throughout the 
sample bead.  The bead was then polished with a diamond lap to achieve a flat analysis 
surface before being analyzed in the XRF spectrometer. 
 A ThermoARL XRF was used to measure X-ray intensity and compares 29 element 
concentrations of the sample unknowns to 2 of 9 USGS standards and 2 pure vein quartz 
standards.  Analysis conditions were kept stable with a Rh-target run at 50 kV and 50 mA 
under vacuum, and a mask of 25 mm was used (Johnson et al., 1999).  Interferences from 
the vacuum line and absorption effects caused by other elements were accounted for 
automatically.  These stable conditions are good for measuring all 29 elements, except 
Sc, V, Nb, and Ba, which lose precision and accuracy under these particular conditions 
(Johnson et al., 1999).  The GeoAnalytical Lab’s XRF is recalibrated every three weeks 
and two internal standards are analyzed every other day to monitor the spectrometer’s 
performance (Johnson et al., 1999).     
 
ICP-MS Geochemistry 
 For ICP-MS analyses, complete dissolution of the sample is required.  A portion of 
the clean, unaltered rock chips sent to the GeoAnalytical Lab at Washington State 
University was ground in an iron swing mill and then mixed with Li2B4O7 flux in a 1:1 
blend.  The sample mixture was fused at 1000°C in a carbon crucible in a muffle furnace.  
The glass sample beads were then reground and 250 mg of sample powder was dissolved 
in 6 ml HF, 2 ml HNO3, and 2 ml HClO4 in an open Teflon vial on a hotplate at 110°C 
(Knaack et al., 1994).  The mixture was then evaporated to dryness and re-evaporated 
after being mixed with 2 ml HClO4 at 165°C (Knaack et al., 1994).  The dry mixture was 
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mixed with 3 ml HNO3, 8 drops of H2O2, 5 drops of HF, and In, Re, and Ru standards 
and then diluted to 1:240 (Knaack et al., 1994).  This process completely dissolves 
zircons and refractory minerals, such as garnet, and volatizes silica and boron as gaseous 
fluorides (Knaack et al., 1994).   
 The sample dilution was analyzed in a HP4500 ICP-MS with an argon plasma ion 
source.  Twenty-seven elements were analyzed after ionization at 7000°C (Knaack et al., 
1994).  Seventeen unknown samples were analyzed between one acid blank and two 
analyses of each of three Washington State University rock standards.  The In, Re, and 
Ru standards mixed into the sample are used to monitor and correct for instrument drift 
(Knaack et al., 1994).  Elemental intensities were also corrected for oxide and isobaric 
interferences.  Using the six Washington State University rock standards and the acid 
blank, calibration curves were constructed for each analyzed element (Knaack et al., 
1994).  These curves were used to calculate elemental concentrations (Knaack et al., 
1994).  ICP-MS assumes that the isotopic proportions of samples and standards deviate 
only slightly from the average isotopic proportions of the Earth’s crust (Knaack et al., 
1994). 
 
40Ar/39Ar Geochronology 
 The chips remaining after geochemistry from samples GRWY6, OCWY2, and 
CSWY1E were pulverized to ~3 mm fragments with a disk pulverizer fitted with steel 
plates.  These fragments were then sieved to sizes >2000, 2000-1400, 1400-850, 850-710, 
710-600, 600-425, 425-250, and <250 µm in stainless steel sieves.  For GRWY6, a 
rhyolite from the Gibbon River flow, 60 sanidine grains were hand-picked from the 2.0-
1.4 mm fraction, 40 sanidine grains were hand-picked from the 850-710 µm fraction, and 
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200 mg of sanidines were hand-picked from the 600-425 µm size fraction.  From 
OCWY2, a sample of unaltered glass from the Obsidian Cliff flow, 70 grains of glass 
were hand-picked from the 850-710 µm fraction and 600 mg of glass was hand-picked 
from the 600-425 µm size fraction.  Sample CSWY1E, a basaltic enclave from the 
Crystal Spring flow, had 600 mg of groundmass hand-picked from the 600-425 µm sieve 
fraction.  The sanidine samples were cleaned for 2 minutes with a 5% hydrofluoric acid 
ultrasonic wash and the basalt sample was washed with a 10% nitric acid bath for 5 
minutes.  Finally, all six samples were cleaned three times in an ultrasonic bath of 
acetone. 
  These six samples were wrapped individually in aluminum foil and placed in fused 
quartz tubes.  The tubes were sealed and wrapped in aluminum foil and placed in an 
aluminum tube, which was then irradiated in the central position of the reactor at the 
Oregon State University’s Radiation Center for one hour.  The irradiation vessel was 
lined with Cd to shield the samples from thermal neutrons and reduce the production of 
40ArK from 40K (Tetley et al., 1980).  To measure the neutron fluence during irradiation 
(the J-factor), sanidines from the Fish Canyon Tuff in Colorado (Australian National 
University 92-176, 27.9 ± 1.2 Ma, 2σ) (Cebula et al., 1986; McDougall and Harrison, 
1999) were included in the irradiation package.  K-glass and CaF2 samples were also 
packaged with the samples.  K-glass is used to measure the production of 40ArK from 40K 
during irradiation, however, with a Cd-lining this correction should be very low.  CaF2 is 
used to measure the interfering Ar isotopes produced by neutron interactions with Ca 
isotopes.  During irradiation, neutron interaction with 42Ca and 43Ca produces 39ArCa, and 
36ArCa is produced by neutron interaction with 40Ca.   
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 Upon returning from the nuclear reactor, the furnace step-heat samples were removed 
from the Al-foil, and three separates of each sample were packaged in Sn-foil (which 
melts at 231.9°C compared to Al at 660.3°C).  These were then analyzed as nine furnace 
step heating runs at UNLV’s Nevada Isotope Geochronology Lab.  Single grains of 
sanidine and glass from the 850-710 µm and 2.0-1.4 mm samples were placed in a copper 
laser tray and fused with a 20-W CO2 laser.   
 Gas from the furnace step heats and laser fusions was cleaned with two Zr-V SAES 
getters and then admitted into a MAP 215-50 mass spectrometer for argon isotopic 
analysis.  During analysis, each Ar-isotope (36, 37, 38, 39, 40) was measured seven times 
per step or laser grain.  To correct for outgassing of surfaces inside the extraction line and 
the mass spectrometer, blanks were analyzed.   For furnace step-heat analyses, blank runs 
were measured in increments of 200°C, from 600°C to 1400°C, the temperature range 
used for the analyses.  Furnace blanks were measured every other day.  During single 
crystal laser fusion analyses, blank runs were measured every hour.  For the single crystal 
fusion analyses of sample GRWY6, the 36Ar blank measurement was ~20% of the total 
measured 36Ar.  To avoid potential age miscalculations due to anomalous blanks, a daily 
average of all hourly blanks was used to correct GRWY6 #4 and GRWY6 #5.  However, 
the use of daily blanks vs. hourly blanks did not greatly affect the ages calculated for this 
data (Figure 4.3), suggesting that the ages calculated are not blank sensitive.  Lastly, to 
determine the discrimination of the mass spectrometer, several aliquots of atmospheric 
argon (40Ar/36Ar = 295.5) were analyzed and averaged over the analysis period.  The 
discrimination for each analysis is listed in Appendix J in the individual analyses tables. 
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 The seven Ar-isotope measurements were regressed to obtain abundances at the time 
of gas inlet, and the data was reduced using LabSpec, written by B. Idleman at Lehigh 
University, Pennsylvania.  Microsoft Excel was used to calculate plateau ages, an error-
weighted mean of the step ages that define a plateau.  A plateau consists of contiguous 
steps of indistinguishable calculated ages (overlapping by <2σ) that together comprise 
≥50% of the 39Ar released.  Isoplot 3.0 (Ludwig, 2003) was used to calculate inverse 
isochrons, MSWD (Wendt and Carl, 1991), and relative probability plots for the analyses.     
 
238U/230Th Geochronology 
 The chips not used for geochemistry for samples CSWY4, OCWY2, OCWY5, and 
OCWY14 were pulverized with a disk pulverizer fitted with steel plates to ~1 mm 
fragments.  The samples were then sieved to sizes >250, 250-150, 150-53, and <53 µm in 
brass sieves.  The <250 µm sieve fraction from GRWY6 was re-sieved to >212, 212-150, 
150-53, and <53 µm size fractions in brass sieves.  All five samples of size fraction 150-
53 µm were dropped in 3.4ρ Methylene Iodide and the sink from each sample was 
exposed to a magnet to remove Fe-oxides.  Zircons were then hand-picked from the non-
magnetic sink of each sample.  Only GRWY6 provided zircons for further analysis.  The 
zircons were washed with 5% hydrofluoric acid for 8 minutes in an ultrasonic bath and 
then were washed three times with acetone. 
 The zircons were then lined up on tape and placed in an epoxy disk.  The surface of 
the epoxy was then removed with 1 μm Al2O3 grit to expose and flatten the interior 
surfaces of the zircons.  The epoxy disk with zircons was then coated in gold and placed 
in the sample chamber of UCLA’s Cameca IMS 1270.  An O- ion beam was used to 
sputter a 30-35 μm spot on the zircons.  238U16O+, 232Th16O+, 90Zr2O4+, 244.036 amu and 
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246.028 amu were analyzed for 20 spots on 11 grains.  AS-3 zircons (1099.1 ± 0.5 Ma, 
2σ; Paces and Miller, 1993) were analyzed to calibrate the microprobe’s measured 
ThO/UO to the actual Th/U (Reid et al, 1997; Schmitt et al, 2006). 
 Finally, cathodoluminescence (CL) images were taken of all 11 analyzed zircons in 
an effort to reveal compositional zoning and internal features, which may be correlated 
with ages obtained.  These images were taken using the JEOL JXA-8900 electron 
microprobe at UNLV’s Electron Microanalysis and Imaging Laboratory. 
 
Electron Microprobe 
 Uncovered thin sections from samples GRWY1, GRWY6, GRWY7P, OCWY6, 
CSWY1, CSWY1E, and CSWY2 were polished with 1 μm Al2O3 grit.  The thin sections 
were then carbon coated, placed in brass holders, and the thin sections were grounded 
with copper tape to the holders.  The samples were then placed in a JEOL JXA-8900 
electron microprobe at UNLV’s Electron Microanalysis and Imaging Laboratory.  The 
samples were analyzed at an acceleration voltage of 15keV and current of 30nA.  
Elements were measured on peak for 30 sec and backgrounds for 10 sec.  All minerals 
were analyzed with a 1 μm spot size, except plagioclase, sanidine, and Fe-oxides, which 
were analyzed with a defocused beam of 5 μm to minimize alkali loss from the energy of 
the beam (for feldspars, Jurek and Gedeon, 2003) and in an attempt to determine the 
magmatic, pre-exsolution (i.e. bulk) Fe-oxide compositions.   
 For the Gibbon River samples, GRWY1, GRWY6, and GRWY7P, the SiO2, Al2O3, 
CaO, Na2O, and K2O composition of rim and center points were analyzed for sanidine 
and plagioclase, and the SiO2, CaO, Na2O, Al2O3, FeO, MgO, MnO, and TiO2 
composition of pyroxene, amphibole, olivine, and Fe-oxide phenocrysts was point 
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analyzed.  Rim to rim line traverses of sanidine and plagioclase phenocrysts were 
analyzed for SiO2, Al2O3, CaO, Na2O, K2O, MgO, BaO, and SrO at points spaced 10 μm 
apart and rim to rim line traverses of quartz phenocrysts were analyzed for SiO2 and TiO2 
at 10 μm spaced points.  CL and secondary electron (SEM) images of several quartz and 
sanidine phenocrysts were generated as well. 
 For the Obsidian Cliff sample, OCWY6, point analyses of phenocrysts were 
attempted, but all phenocrysts were 10 μm or less and provided very poor analytical data. 
 For CSWY1E, a Crystal Spring mafic enclave sample, rim and center point analyses 
were measured for SiO2, CaO, Na2O, Al2O3, FeO, MgO, MnO, and TiO2 compositions of 
olivine, clinopyroxene, and Fe-oxide phenocrysts, and SiO2, Al2O3, CaO, Na2O, and K2O 
compositions of plagioclase phenocrysts.  Plagioclase from sample CSWY1, an obsidian 
with mafic enclaves and mafic phenocrysts from Crystal Spring, was analyzed along two 
perpendicular line traverses from rim to rim.  Points were analyzed 5 μm apart and were 
measured for SiO2, Al2O3, CaO, Na2O, K2O, MgO, BaO, and SrO compositions.  
CSWY2 did not contain plagioclase phenocrysts that were useful for analysis. 
 
Scanning Electron Microscope 
 Grains from the non-magnetic heavy mineral separate extracted from OCWY14’s 
150-53 μm sieve size were attached to tape on a small holder and coated in gold.  The 
sample and holder were then placed in UNLV’s Electron Microanalysis and Imaging 
Laboratory’s JEOL JSM-5610 scanning electron microscope and the sample’s elemental 
composition was analyzed.  Images of several grains were taken with the secondary and 
backscatter electron detectors (BSE).   
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Figure 4.2. Topographic map of the Gibbon River rhyolite flow, Yellowstone Volcanic 
Field, Wyoming.  Sample locations are marked in red.  Map modified from U.S.G.S. 
(1986a).
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Figure 4.1. Topographic map of the Crystal Spring (top) and Obsidian Cliff (bottom) 
rhyolite flows, Yellowstone Volcanic Field, Wyoming.  Sample locations are marked in 
blue (Crystal Spring) and pink (Obsidian Cliff).  Map modified from U.S.G.S. (1986b).
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Figure 4.2. Topographic map of the Gibbon River rhyolite flow, Yellowstone Volcanic 
Field, Wyoming.  Sample locations are marked in red.  Map modified from U.S.G.S. 
(1986a).
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Figure 4.1. Topographic map of the Crystal Spring (top) and Obsidian Cliff (bottom) 
rhyolite flows, Yellowstone Volcanic Field, Wyoming.  Sample locations are marked in 
blue (Crystal Spring) and pink (Obsidian Cliff).  Map modified from U.S.G.S. (1986b).
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Figure 4.2. Topographic map of the Gibbon River rhyolite flow, Yellowstone Volcanic 
Field, Wyoming.  Sample locations are marked in red.  Map modified from U.S.G.S. 
(1986a).
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Figure 4.1. Topographic map of the Crystal Spring (top) and Obsidian Cliff (bottom) 
rhyolite flows, Yellowstone Volcanic Field, Wyoming.  Sample locations are marked in 
blue (Crystal Spring) and pink (Obsidian Cliff).  Map modified from U.S.G.S. (1986b).
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CHAPTER 5 
PETROGRAPHY 
 Numerous samples were collected from the Gibbon River, the Obsidian Cliff, and the 
Crystal Spring rhyolites.  An attempt was made to collect from all regions of each flow 
for representative coverage, but sample collection was prohibited by the inaccessibility of 
some areas due to the 1988 Yellowstone National Park forest fires.  Sampling locations 
are shown in Figures 4.1 and 4.2. 
 
Gibbon River Flow 
 From the Gibbon River rhyolite 15 samples were collected (Figure 4.2), consisting of 
sparsely porphyritic to porphyritic grey rhyolite and obsidian (Figure 5.1).  Phenocrysts 
include sanidine and quartz with sparse plagioclase.  Most samples are unaltered to 
slightly devitrified.  Sample GRWY7 consists of both obsidian and a pumiceous rhyolite 
of the flow’s carapace (Figure 5.2).  Sample GRWY6 is more coarsely porphyritic than 
the other samples of the flow (Figure 5.3), and the southwest flow front contains 
mahogany obsidian and areas of brecciated obsidian.   
 Examination of thin sections from each sample reveals three petrographically distinct 
rhyolites within the Gibbon River flow (Table 5.1).  The main flow (defined by samples 
GRWY4, GRWY5, GRWY7O, GRWY7P, GRWY8, GRWY9, GRWY10, GRWY11, 
GRWY12, GRWY13, GRWY14, and GRWY15) consists of dense glass with 
phenocrysts of large sanidine (~5% of the rock), sparse quartz (<1%), plagioclase (<1%), 
opaque minerals (<1%), rare amphibole, olivine, and zircon.  The sanidine (2-3 mm) is 
unzoned.  Both the sanidine and quartz (~1 mm) are euhedral to subhedral and are 
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moderately resorbed and embayed.  Plagioclase (~2 mm) is less common and is 
subhedral, unzoned, embayed and exhibits corroded interiors.  Devitrification is exhibited 
by spherulites that are slightly altered to clay.   
 The southwest flow front and samples GRWY1 and GRWY3 consist of a dense glass 
with phenocrysts of large sanidine (~10% of the rock), quartz (~5%), sparse opaque 
minerals (~2%), plagioclase (~1%), rare amphibole, and zircon.  The sanidine (up to 4 
mm) is euhedral to subhedral and optically unzoned.  Quartz (1-3 mm) is euhedral and 
often shattered and broken.  Plagioclase (1-3 mm) is subhedral and embayed.   
 A single sample (GRWY6) from the northern front of the Gibbon River flow (Figure 
4.2) is distinctly more coarsely porphyritic with phenocrysts of sanidine (~6% of the 
rock), opaque minerals (~3%), sparse quartz (<1%), rare olivine, amphibole, and zircon.  
Sanidine (2-3 mm) is euhedral to subhedral and slightly resorbed.  Quartz (~3 mm) is 
subhedral to anhedral and typically shattered and broken.  Amphibole is brownish green 
in polarized light and subhedral.  Olivine is small (<50 μm) and anhedral.  
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Table 5.1. Point counts and phenocryst percentage of Gibbon River rhyolite samples 
Gibbon River Thin Section Point Counts 
 GRWY3 GRWY6 GRWY7O 
Sanidine 47 35 22 
Quartz 24 4 2 
Plagioclase 3 0 3 
Opaque Minerals 11 14 1 
Olivine 0 2 0 
Amphibole 2 1 0 
Glass 513 544 572 
Total 600 600 600 
 
Gibbon River Phenocryst Percentages 
 GRWY3 GRWY6 GRWY7O 
Sanidine 7.8% 5.8% 3.7% 
Quartz 4% 0.7% <0.5% 
Plagioclase 0.5% 0% 0.5% 
Opaque Minerals 1.8% 2.3% <0.5% 
Olivine 0% <0.5% 0% 
Amphibole <0.5% <0.5% 0% 
Glass 85.5% 90.7% 95.3% 
Total 100% 100% 100% 
 
Obsidian Cliff Flow 
 Fourteen samples were collected from the Obsidian Cliff rhyolite (Figure 4.2).  
Eleven of these samples are black, aphyric obsidian (Figure 5.4) with sparse lithophysae 
(sample OCWY12).  The other three samples are fresh grey pumiceous rhyolite from the 
flow carapace (Figure 5.5).  All collected samples, except OCWY14, are unaltered with 
up to ~2% spherulites in some samples.  OCWY14 is a boulder collected from the 
Obsidian Cliff and is extensively devitrified (>60% of the boulder).  The only mineralogy 
discernable to the unaided eye is small Fe-oxide minerals in the pumiceous rhyolite 
samples. 
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 The thin sections from the Obsidian Cliff rhyolites reveal that the aphyric obsidian is 
characterized by abundant to sparse, unidentifiable microcrysts (≤10 μm), possibly 
consisting of quartz and feldspar.  In OCWY12 and OCWY14, olivine phenocrysts (up to 
250 μm) are observable (Figure 5.6).  In a few samples, glomerocrysts with phenocrysts 
of plagioclase, clinopyroxene, and olivine are present, and in the pumiceous rhyolite 
samples, phenocrysts of opaque Fe-oxide minerals are present.  Based on the aphyric 
nature of the Obsidian Cliff rhyolites no mineral point counts were performed on these 
samples.  
 
Crystal Spring Flow 
 From the Crystal Spring mingled rhyolite, four sites were sampled, with samples of 
mafic enclaves and rhyolitic obsidian collected at each site.  Enclave abundance and size 
increase from south to north in the flow, with up to ~20% mafic enclave abundance and 
~1 meter-wide mafic enclaves at the site where CSWY1 was collected.  Enclaves exhibit 
crenulate margins at the obsidian/enclave contact (Figures 5.7 & 5.8).  All the enclave 
samples are fresh grey basalt or andesite (Figure 6.1; Chapter 6) (Figure 5.9).  Sample 
CSWY1ME is a darker, more vesicular portion of a large enclave.  The obsidian samples 
are aphyric and fresh with slight devitrification in samples CSWY2 and CSWY3.   
 The Crystal Spring rhyolite thin sections reveal glass with phenocrysts and 
microcrysts of plagioclase, clinopyroxene, and olivine, and mafic enclaves that range 
from several centimeters to only millimeters in diameter.  Glomerocrysts of plagioclase, 
olivine and clinopyroxene are also present and are rimmed by an aphyric glass that is 
darker than the rhyolitic glass matrix.  Plagioclase (up to 0.5 mm) is albite twinned, 
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euhedral to subhedral laths that define flow banding within the rhyolite (Figure 5.10).  
Clinopyroxene and olivine are common microcrysts.  The mafic enclaves are often 
enclosed in a rim of dark, aphyric glass, like the glomerocrysts, and vary in size between 
samples.  Sample CSWY2 contains a single, extensively resorbed quartz grain (Figure 
5.10) and a single, 0.5 mm sieved plagioclase grain.  While most microcrysts within the 
Crystal Spring mingled rhyolites are identifiable, some are not (similar to Obsidian Cliff 
microcrysts); to avoid bias due to incorrect identification of microcrysts, no mineral point 
counts were performed on these samples.  
 The Crystal Spring mafic enclave thin sections reveal a holocrystalline basalt or 
andesite with a groundmass of plagioclase, olivine, clinopyroxene, and opaque minerals.  
Plagioclase (up to 0.5 mm) are albite twinned, euhedral to subhedral laths (Figure 5.11).  
Olivine and clinopyroxene are subhedral (Figure 5.11). 
 In the area of sample CSWY3, the surface of the ground is covered in fragments of 
black vesicular obsidian (sample CSWY3V; Figure 5.12) containing aphyric grey mafic 
enclaves up to 8 mm in size.  The enclaves have crenulate edges defined by sharp 
contacts.  The fragments are commonly oxidized on the surface and along cracks. 
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Figure 5.1. Obsidian sample from the Gibbon River flow (GRWY11).  Sanidine, 
quartz, and plagioclase phenocrysts, and spherulites are visible.  Large grey lithophysae 
in the upper left corner. 
Figure 5.2. Pumiceous sample from the Gibbon River flow (GRWY7P).  Sanidine, 
quartz, and plagioclase phenocrysts are visible.
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Figure 5.4. Obsidian sample from the Obsidian Cliff flow (OCWY2).  Small white  
spherulites are visible.
Figure 5.3. Porphyritic rhyolite sample from the Gibbon River flow (GRWY6). 
Sanidine and quartz phenocrysts are visible.
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Figure 5.6. Photomicrograph of an altered Obsidian Cliff sample (OCWY14).  Orange 
minerals are olivine phenocrysts (circled in red).
Figure 5.5. Pumice sample from the Obsidian Cliff flow (OCWY5).
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Figure 5.8. Basaltic enclave (light grey) with quenched rim (medium grey) in the 
mingled lava sample CSWY1 from the Crystal Spring flow.
Figure 5.7. Mingled rhyolite sample from the Crystal Spring flow (CSWY1).  Grey 
regions are crenulated basaltic enclaves in obsidian.
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Figure 5.10. Photomicrograph of a resorbed quartz in the obsidian of the Crystal Spring 
mingled rhyolite sample CSWY2.
Figure 5.9. Basaltic enclave from the Crystal Spring mingled rhyolite (CSWY1ME).
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Figure 5.11. Photomicrograph of olivine, clinopyroxene, and plagioclase groundmass 
in a basaltic enclave of the Crystal Spring mingled rhyolite samples (CSWY1E).
Figure 5.12. Vesicular obsidian from the Crystal Spring mingled rhyolite (CSWY3V).
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Figure 5.9. Basaltic enclave from the Crystal Spring mingled rhyolite (CSWY1ME).
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CHAPTER 6 
GEOCHEMISTRY 
 Eight samples from the Gibbon River flow (GRWY1, GRWY3, GRWY6, GRWY7O, 
GRWY9, GRWY10, GRWY12, & GRWY15), seven samples from the Obsidian Cliff 
flow (OCWY2, OCWY5, OCWY6, OCWY8, OCWY11, OCWY12, & OCWY14), five 
obsidian samples (CSWY1, CSWY2, CSWY3, CSWY3V, & CSWY4) and three enclave 
samples (CSWY1E, CSWY1GE, CSWY1ME) from the Crystal Spring mingled lavas 
were analyzed by XRF and ICP-MS (Appendix B).  The major element analyses of each 
sample were normalized to 100% of the volatile-free whole rock composition (Appendix 
B).  During XRF analysis, the oxidation state of iron is ignored and all analyzed Fe is 
expressed as FeO (denoted as FeO*) (Johnson et al., 1999).   
 Following the classification of LaBas and others (1986), all of the Gibbon River and 
Obsidian Cliff samples are rhyolite, as are the five Crystal Spring obsidians (Figure 6.1).  
The Crystal Spring enclave sample, CSWY1GE is an andesite, and samples CSWY1E 
and CSWY1ME are both basalts (Figure 6.1).   
 
Gibbon River Flow 
 All of the Gibbon River rhyolite samples are generally similar in composition, 
however, minor variations in chemistry permit three separate rhyolite compositions to be 
defined: 1) the main flow (GRWY7O, GRWY9, GRWY10, GRWY12, & GRWY15), 2) 
the southwestern flow (GRWY1 & GRWY3), and 3) sample GRWY6. 
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The Main Flow 
 The main flow of the Gibbon River rhyolites has a mean wt.% SiO2 of 77.31 ± 0.19 
(Table 6.1; Appendix B) and is indistinguishable within uncertainty with the Obsidian 
Cliff rhyolites (Figure 6.2).  Like all the Gibbon River rhyolite samples, the MgO and 
MnO contents of the main flow are less than 0.1 wt.% of the normalized composition 
(Figure 6.2; Appendix B).  The main flow has the lowest FeO* concentration of the three 
Gibbon River rhyolites (Figure 6.2; Table 6.1).  The main flow rhyolites are enriched in 
rare-earth elements (REEs) compared to chondrites and exhibits an extreme negative Eu-
anomaly (Figure 6.3; Table 6.2).  They are also enriched in large-ion lithophile (LIL) and 
high-field strength (HFS) elements, except for Sr, Ba, and TiO2, which are depleted 
compared to chondrites (Figure 6.4; Table 6.2).  The main flow has the lowest Sr 
concentration of the three Gibbon River rhyolites (Figure 6.4).   
The Southwestern Flow 
 The southwestern flow of the Gibbon River rhyolite is less evolved than the main 
flow of the Gibbon River rhyolites, with a mean wt.% SiO2 of 77.06 ± 0.19 (Figure 6.2; 
Appendix B).  The southwestern flow has the highest K2O and the lowest Na2O of the 
three Gibbon River rhyolites, and the average FeO* concentration falls between the main 
flow of the Gibbon River rhyolites and sample GRWY6 (Figure 6.2; Table 6.1).  The 
southwestern flow is enriched in REEs compared to chondrites and exhibits a moderate 
negative Eu-anomaly (Figure 6.3; Table 6.2).  The southwestern flow also has the highest 
Sr concentration of all three Gibbon River rhyolites (Figure 6.4).   
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Sample GRWY6 
 Sample GRWY6 is the least evolved of the Gibbon River samples at 76.13 ± 0.19 
wt.% SiO2 (Appendix B) and has the highest FeO* concentration of all the Gibbon River 
samples (Figure 6.2; Table 6.1).  It is enriched in REEs compared to chondrites and 
exhibits a shallow negative Eu-anomaly (Figure 6.3; Table 6.2).  Sample GRWY6 is also 
enriched in both LIL and HFS elements, and GRWY6’s Sr concentration falls between 
the southwestern flow and the majority of the Gibbon River flow (Figure 6.4; Table 6.2).  
Gibbon River Rhyolites 
 Major, minor, and trace element data also confirm the three rhyolite compositions 
within the Gibbon River flow as discussed above (Figures 6.2, 6.5 & 6.6).  The main flow 
of the Gibbon River rhyolites is the most evolved and sample GRWY6 is the least 
evolved (Figures 6.2 & 6.3).  TiO2, Zr, and Ba concentrations decrease (Figure 6.2), and 
Rb, Th, and U concentrations increase with increasing SiO2. 
 By themselves, the major and trace element data of the Gibbon River rhyolites exhibit 
no consistent pattern or trend between all three rhyolites.  Linear trends are exhibited 
with trace elements like Tb, Lu, and Th (Figures 6.6 & 6.7).  However, the order of the 
three flows along these linear trends varies between elements (Gibbon River flow order 
of Lu vs. Ta in Figure 6.6 compared to the flow order of Th vs. Rb in Figure 6.7).   
 When combined with the data from the Crystal Spring and Obsidian Cliff flows, 
however, obvious geochemical associations emerge.  For major, minor and trace 
elements, the main flow of the Gibbon River analyses fall at the most evolved end of a 
linear trend between the Obsidian Cliff obsidians, the Crystal Spring mingled rhyolites, 
and the Crystal Spring mafic enclaves (Figures 6.2, 6.5 & 6.6).  The light REEs of the 
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main flow of the Gibbon River rhyolites (La, Ce, Pr & Nd) do not fall along this linear 
trend.  The main flow is lower in La, Ce, and Nd concentration than the southwestern 
flow and sample GRWY6 analyses. 
 For major and minor elements, the southwestern flow analyses fall between the 
Crystal Spring mafic enclaves and the Crystal Spring mingled rhyolites along a linear 
trend connecting the main Gibbon River flow, the Obsidian Cliff obsidians, the Crystal 
Spring mingled rhyolites, and the Crystal Spring mafic enclaves (Figures 6.2, 6.5 & 6.6).  
Most of the southwestern flow trace element analyses (Sc, V, Cr, Ni, Cu, Zn, Sr, Ba, Zr, 
Pb, Th, La, Ce, & Nd), however, do not fall into this linear trend (e.g. Pb vs. Y in Figure 
6.5).  The major, minor, and trace element analyses of the southwestern flow (except 
trace elements Ni, Zn, Sr, Ba, La, Ce, & Nd) do fit along a second linear trend that 
excludes the Crystal Spring mingled rhyolites, the Obsidian Cliff flow, and sample 
GRWY6.  This second linear trend extends between the Crystal Spring mafic enclaves 
and the main Gibbon River flow, with the southwestern flow in the middle (e.g. Nb vs. Y 
in Figure 6.5).   
 Sample GRWY6 does not consistently plot on any of the previous mentioned linear 
trends (Figure 6.2, 6.5 & 6.6). However, for SiO2, CaO, FeO, MgO, TiO2, P2O5, Sc, V, 
Cr, Ni, and Cu, the GRWY6 analyses do fall along a linear trend connecting the Crystal 
Spring mafic enclaves, GRWY6, the southwestern Gibbon River flow, and the main 
Gibbon River flow (Figure 6.2). 
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Obsidian Cliff Flow 
 All seven of the Obsidian Cliff analyses cluster within uncertainty of each other for 
all major elements, except Na and K, which are mobile during hydration.  The Obsidian 
Cliff rhyolites have a mean of 77.38 ± 0.19 wt.% SiO2, 12.12 ± 0.082 wt.% Al2O3, 1.13 ± 
0.18 wt.% FeO*, 0.44 ± 0.043 wt.% CaO, 0.083 ± 0.012 wt.% TiO2, 0.04 ± 0.073 wt.% 
MgO, and 0.023 ± 0.002 wt.% MnO (Table 6.1; Appendix B) and are indistinguishable 
within uncertainty with the main flow of the Gibbon River rhyolites (Figure 6.2; Table 
6.1).  For Na2O and K2O, the most devitrified of the Obsidian Cliff samples, OCWY14 
falls outside the analytical error of the sample cluster (Figure 6.2).  Excluding OCWY14, 
the Obsidian Cliff rhyolites are composed of an average of 4.98 ± 0.015 wt.% K2O and 
3.77 ± 0.036 wt.% Na2O (Figure 6.2; Table 6.1; Appendix B).  The Obsidian Cliff 
analyses, for both major and minor elements, fall at the most evolved end of a linear trend 
with the Crystal Spring mafic enclaves and the Crystal Spring mingled rhyolites (Figures 
6.2 & 6.5).  This linear trend extends from the Crystal Spring mafic enclaves to the 
Crystal Spring mingled rhyolite, to the Obsidian Cliff rhyolite, and ending with the main 
flow of the Gibbon River rhyolites.   
 The Obsidian Cliff trace elements also cluster tightly (Figures 6.3, 6.4 & 6.6).  These 
analyses, like the major and minor elements, fall at the most evolved end of the linear 
trend between the Crystal Spring mafic enclaves and the main flow of the Gibbon River 
rhyolites (Figures 6.5 & 6.6). 
 The Obsidian Cliff samples are enriched in REEs compared to chondrites and have a 
well-developed negative Eu-anomaly (Figure 6.3; Table 6.2).  With the exception of Sr 
and TiO2, the Obsidian Cliff rhyolites are enriched in LIL and HFS elements (Figure 6.4; 
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Table 6.2).  The samples are depleted in Sr and slightly depleted in TiO2 compared to 
chondrites, and Ba is not as enriched in the Obsidian Cliff samples as the other LIL 
elements (Figure 6.4).   
 
Crystal Spring Flow 
 The Crystal Spring mingled rhyolites decrease in mafic enclave content from north 
(sample CSWY1) to south (sample CSWY4) (Figure 6.1).  The site where sample 
CSWY1 was collected contains ~20% enclaves and CSWY1 contains 71.77 ± 0.19 wt.% 
SiO2 (Figure 6.2; Table 6.1; Appendix B).  The most silicic Crystal Spring mingled 
rhyolite sample, CSWY4 contains 76.97 ± 0.19 wt.% SiO2, similar in composition to the 
Obsidian Cliff cluster of rhyolite analyses (Figures 6.2; Table 6.1; Appendix B).   
 The Crystal Spring rhyolites are enriched in REEs and have a negative Eu-anomaly 
that ranges from a moderate (sample CSWY1) to an extreme (samples CSWY4) anomaly 
(Figure 6.3; Table 6.2).  The samples are enriched in LIL and HFS elements, with the 
exception of Sr which is depleted in the most silicic rhyolite sample (Figure 6.4).  Ba, Sr, 
and TiO2 concentration decrease with decreasing mafic enclave content (Figure 6.4).   
 For all of the Crystal Spring major, minor, and trace element analyses, the Crystal 
Spring mingled rhyolites extend along a linear trend to their mafic enclaves (Figures 6.2, 
6.5, 6.6 & 6.7).  The linear trend stretches from the most mafic Crystal Spring basaltic 
enclave to the most evolved Crystal Spring rhyolite (Figures 6.5, 6.6 & 6.7). 
Crystal Spring Mafic Enclaves 
 The Crystal Spring mafic enclaves are basalts (and in some cases, andesites like 
sample CSWY1GE) (Figure 6.1).  The mafic enclaves (represented by sample 
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CSWY1ME) contain 49.04 ± 0.19 wt.% SiO2, 7.49 ± 0.073 wt.% MgO, and 10.88 ± 
0.043 wt.% CaO (Figure 6.2; Appendix B) and are tholeiitic in composition (Figure 6.8).  
The mafic enclave composition is similar to the Swan Lake Flat and Hepburn Mesa 
basalts (Figure 6.9) (Fenner, 1938; Hildreth et al., 1991; Christiansen, 2001; Bennett, 
2006). 
 The Crystal Spring mafic enclaves (CSWY1E & CSWY1ME) are enriched in REEs 
and show a slightly positive Eu-anomaly (Figure 6.3; Table 6.2).  The Crystal Spring 
mafic enclave samples are enriched in all LIL and HFS elements (Figure 6.4; Table 6.2).   
 
Table 6.1. Major Element Composition of the Roaring Mountain Lava Flows 
 SiO2 (wt.%) a 
K2O 
(wt.%) a 
Na2O 
(wt.%) a 
FeO* 
(wt.%) a 
MgO + 
MnO 
(wt.%) a 
Gibbon River Flow 
Main 77.31 ± 0.19 4.86 ± 0.015 3.96 ± 0.036 1.11 ± 0.18 < 0.1 
Southwestern 77.06 ± 0.19 5.19 ± 0.015 3.44 ± 0.036 1.28 ± 0.18 < 0.1 
GRWY6 76.13 ± 0.19 5.13 ± 0.015 3.66 ± 0.036 2.08 ± 0.18 < 0.1 
Obsidian Cliff Flow 
Obsidian 77.38 ± 0.19 4.98 ± 0.015 c 3.77 ± 0.036 c 1.13 ± 0.18 < 0.1 
Crystal Spring Flow 
Mingled 
Rhyolite d 
71.77 to 
76.97 ± 0.19
4.01 to 
4.89 ± 0.015 
3.57 to 
3.76 ± 0.036 
1.28 to 
3.04 ± 0.18 
0.192 to 
1.708 
a Figure 6.2. 
b Data listed in Appendix B. 
c Average of all Obsidian Cliff samples except OCWY14. 
d Concentration ranges are for rhyolite samples CSWY1, CSWY2, CSWY3, CSWY3V, 
and CSWY4. 
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Table 6.2. Trace Element Composition of the Roaring Mountain Lava Flows 
 REEs vs. Chondrites a 
Negative 
Eu-Anomaly a LIL
 b HFS b La/Lu a 
Gibbon River Flow 
Main enriched extreme enriched enriched 35.2 
Southwestern enriched moderate enriched enriched 122.2 
GRWY6 enriched shallow enriched enriched 80.9 
Obsidian Cliff Flow 
Obsidian enriched extreme enriched enriched 61.8 
Crystal Spring Flow 
Mingled Rhyolite enriched moderate to extreme enriched enriched 62.3 
Mafic Enclaves enriched slightly positive enriched enriched 42.7 
a Figure 6.3. 
b Figure 6.4. 
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Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
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Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
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Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
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Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
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Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
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Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
50
51
Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
52
Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
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Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
57
Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
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Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
50
51
Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
52
Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
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Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
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Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
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Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
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Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
52
Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
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Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
57
Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
.1
1
10
100
CsRbBaTh U Nb K LaCePbPr Sr P NdZrSmEuTi Dy Y Yb Lu
R
oc
k/
O
IB
.1
1
10
100
1000
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
R
oc
k/
C
ho
nd
rit
es
0 10 20 30 40 50
100
200
300
400
500
600
Ba
La
0
2
4
6
8
10
12
14
MgO
4440 48 52 56 60
6
7
8
9
10
11
12
13
CaO
SiO2
0 1 2 3 4
0
1
2
3
4
TiO2
FeO*/MgO
Am
Thol
0 100 200 300
0
10
20
30
40
Th
Rb
Southwestern
Flow
Sample
GRWY6
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Tb
10
20
30
40
50
60
Nb
0 1 2 3 4 5
0.3
0.5
0.7
0.9
1.1
1.3
Lu
Ta
Southwestern
Flow
Southwestern
Flow
Southwestern
Flow
Sample
GRWY6
Sample
GRWY6
Sample
GRWY6
4020 60 80 100
10
20
30
40
50
60
Nb
0
10
20
30
40
50
Pb
0
100
200
300
Rb
Y
Southwestern
Flow
Southwestern
Flow
Southwestern
Flow
Sample
GRWY6
Sample
GRWY6
Sample
GRWY6
.1
1
10
100
1000
RbBa Th U Nb Ta K La Ce Sr NdSmZr Ti Gd Y
.1
1
10
100
1000
.1
1
10
100
1000
R
oc
k/
C
ho
nd
rit
es
R
oc
k/
C
ho
nd
rit
es
R
oc
k/
C
ho
nd
rit
es
Sample
CSWY1GE
Main Flow
Southwestern
Flow
Sample
GRWY6
1
10
100
La Ce Pr NdPmSmEu Gd Tb Dy Ho Er TmYb Lu
1
10
100
1
10
100
R
oc
k/
C
ho
nd
rit
es
R
oc
k/
C
ho
nd
rit
es
R
oc
k/
C
ho
nd
rit
es
Main Flow
Sample
CSWY1GE
Southwestern
Flow
Sample
GRWY6
12.0
12.2
12.4
12.6
12.8
13.0
Al2O3
0.0
0.5
1.0
1.5
2.0
2.5
3.0
CaO
3.2
3.4
3.6
3.8
4.0
4.2
Na2O
7170 72 73 74 75 76 77 78
3.5
4.0
4.5
5.0
5.5
6.0
K2O
SiO2
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
FeO
0.0
0.5
1.0
1.5
2.0
MgO
0.01
0.02
0.03
0.04
0.05
0.06
MnO
7170 72 73 74 75 76 77 78
0.0
0.1
0.2
0.3
0.4
0.5
0.6
TiO2
SiO2
Mafic
Enclaves
Mafic
Enclaves
Mafic Enclaves
Mafic
Enclaves
Mafic
Enclaves
Mafic
Enclaves
Mafic
Enclaves
Mafic Enclaves
Main Flow
Gibbon River Rhyolites
Southwestern Flow
GRWY6
35 40 45 50 55 60 65 70 75
0
2
4
6
8
10
12
14
16
Na2O+K2O
SiO2
Picro-
basalt
Basalt Basaltic
andesite
Andesite
Dacite
Rhyolite
Trachyte
TrachydaciteTrachy-
andesite
Basaltic
trachy-
andesiteTrachy-
basalt
Tephrite
Basanite
Phono-
Tephrite
Tephri-
phonolite
Phonolite
Foidite
49
Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
50
51
Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
52
Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
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Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
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Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
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Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
50
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Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
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Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
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Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
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Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
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Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
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Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
52
Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
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Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
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Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
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Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
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Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
52
Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
56
Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
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Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
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Figure 6.1. Rock classification of the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), 
Crystal Spring minged rhyolites ( ), and mafic enclaves (  ) following LaBas et al. (1986).
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Figure 6.5. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from XRF analyses.
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Figure 6.6. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
Figure 6.7. Trace element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), Crystal Spring mingled rhyolites ( ), and mafic enclaves (  ) from ICP-MS 
analyses.
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Figure 6.3. Rare earth element diagrams (formatted after Sun & McDonough, 1989) 
for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring mingled rhyolites  
( ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.4. Large-ion lithophile and high-field strength element diagrams (formatting 
after Sun, 1980) for the Gibbon River lavas (  ), Obsidian Cliff lavas ( ), Crystal Spring 
mingled rhyolites (  ), and mafic enclaves (  ) from ICP-MS analyses.
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Figure 6.8. Chemical composition of Crystal Spring mafic enclaves (CSWY1E & 
CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Composition lines after 
Miyashiro (1974) represent the chemical trends of tholeiitic (Thol) basalts and the calc-
alkaline (Am) basalts of the Amagi Volcano, Japan. Basalts include pre-Lava Creek Tuff 
basalts (  ), Falls River Basalt (  ), Basalt of Grizzly Lake (  ), Basalt of Geode Creek (   ), 
Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), Madison River Basalt (   ), Osprey and 
Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt (  ), and Basalts of Snake River Group 
(  ).  Analyses are from Fenner (1938), Hamilton (1963), Hamilton (1965), Hildreth et al. 
(1991), Christiansen (2001), and Bennett (2006).
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Figure 6.9. Major and trace element diagrams for the Crystal Spring mafic enclaves 
(CSWY1E & CSWY1ME,   ) and other Yellowstone Volcanic Field basalts.  Basalts 
include pre-Lava Creek Tuff basalts (  ), Falls River Basalt (  ), Basalt of Grizzly 
Lake (  ), Basalt of Geode Creek (   ), Basalt of Mariposa Lake (   ), Gerrit Basalt (   ), 
Madison River Basalt (   ), Osprey and Hepburn Mesa Basalts (  ), Swan Lake Flat Basalt 
(  ), and Basalts of Snake River Group (  ).  Analyses are from Fenner (1938), Hamilton 
(1963), Hamilton (1965), Hildreth et al. (1991), Christiansen (2001), and Bennett (2006).
Figure 6.10. Rare earth element diagram (formatted after Sun & McDonough, 1989) for 
the Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat 
Basalt (  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, 
and Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.
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Figure 6.11. Trace element diagram (formatted after Sun & McDonough, 1989) for the 
Crystal Spring mafic enclaves (CSWY1E & CSWY1ME,   ) with Swan Lake Flat Basalt 
(  ) samples YSLF0301, YSLF0309, YSLF0311 through YSLF0314, YSLF0316, and 
Osprey Basalt (  ) samples YO0301 and YO0304 from Bennett (2006) for comparison.  
OIB is Ocean Island Basalt. 
Figure 6.2. Major element diagrams for the Gibbon River lavas (  ), Obsidian Cliff 
lavas ( ), and Crystal Spring mingled rhyolites ( ) from XRF analyses.  Crystal Spring 
mafic enclaves plot off scale between 49-58 wt.% SiO .2
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CHAPTER 7 
PHENOCRYST GEOCHEMISTRY 
 To further constrain the composition and evolution of the Roaring Mountain 
rhyolites, thin sections from each unit were analyzed by electron microprobe.  A thin 
section representative of each of the three Gibbon River units, as identified by 
petrography and geochemistry (Chapters 5 & 6), was also analyzed.  Point analyses of 
individual minerals were measured to determine specific mineralogy.  In many cases, 
points on both a mineral’s rim and core were analyzed to evaluate changes in the magma 
composition during phenocryst growth.  Traverse analyses of individual feldspar from the 
Gibbon River and Crystal Spring rhyolites, and a pyroxene from the Crystal Spring flow 
were done to provide further information into each magmas’s chemical evolution during 
mineral precipitation.  Analyses with measured elemental totals between 98% and 102% 
were considered acceptable and are included in Appendices C through F.  Measurements 
with elemental totals less than 98% or greater than 102% were rejected and not included 
in further investigation.  
 
Gibbon River Flow – Main Rhyolite 
 Three thin sections were analyzed from the Gibbon River rhyolites.   GRWY7P was 
chosen to represent the main Gibbon River flow (Chapters 5 & 6).  Point analyses of the 
cores and rims of six sanidines were chemically indistinguishable, with compositions of 
Or58 (average of all analyses) (Figure 7.1 & Table 7.4; Appendix C).  Point analyses were 
done of the core and rim of one plagioclase (Appendix C).  The core analyses are slightly 
more calcic oligoclase (An25, average of core analyses) than the more potassic oligoclase 
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rims (An21, average of rim analyses) (Figure 7.1 & Table 7.4; Appendix C).  The 
pyroxenes of GRWY7P are ferroan augite (Wo39En24Fs36Ac1, average of all analyses) 
(Figure 7.2 & Table 7.4; Appendix C) and the amphiboles are ferro-actinolite (Table 7.4; 
Appendix C).  GRWY7P also contains magnetite that has been altered to ulvöspinel 
(Table 7.4; Appendix C).  
 Four sanidines and one plagioclase grain from GRWY7P were analyzed by rim to rim 
traverses.  The plagioclase composition is slightly more calcic oligoclase (An28; most 
calcic analysis of traverse) at the core and becomes more sodic oligoclase (An21; most 
sodic analysis at edge of traverse) at the edges (Figure 7.3; Appendix D).  All four 
analyzed sanidines have a relatively similar composition across the crystal and all are 
chemically indistinguishable with compositions averaging Or60 (Figure 7.4 & Table 7.1; 
Appendix D).  Sanidine S5 has one edge that is more Na-rich than the main portion of the 
crystal (Figure 7.5; Appendix D).   
 The BaO profiles of the four sanidines analyzed from GRWY7P do show zoning in 
three of the phenocrysts (Figure 7.6; Appendix D).  Sanidine S2 has a low-Ba core that 
increases before gradually decreasing to a low-Ba composition at the crystal’s edge 
(Figure 7.7; Appendix D).  Sanidine S3 has a high-Ba core that gradually decreases 
towards the edge and then increases again right at the crystal rim (Figure 7.7; Appendix 
D).  The BaO composition of sanidine S5 has a similar pattern to S3, with a high-Ba core 
that gradually decreases towards the edge and then, increases at the phenocryst rim 
(Figure 7.7; Appendix D).  The BaO composition of S6 does show changes in Ba across 
the crystal but the pattern is not symmetrical from rim to rim (Figure 7.7; Appendix D).  
The Ba concentration along the analysis traverse of S6 increases from left to right (Figure 
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7.7; Appendix D).  The Ba concentration of most of the rims of the analyzed sanidines 
range between ~0.4 to 0.6 wt. % BaO (Figure 7.6; Appendix D).   
 
Table 7.1. Average composition of sanidines analyzed from sample GRWY7P 
Sanidine Composition 
S2 An2Ab39Or59 a
S3 An2Ab39Or59 a
S5 An2Ab39Or59 a
S6 An2Ab40Or58 a
a average of traverse analyses 
 
Gibbon River Flow – Southwestern Rhyolite 
 GRWY1 was analyzed from the southwestern flow (Chapters 5 & 6).  Point analyses 
of the cores and rims of six sanidines were done, and the cores (Or54, average of core 
analyses) are slightly more potassic than the rims (Or53, average of rim analyses) (Figure 
7.1 & Table 7.4; Appendix C).  Point analyses of the core and rim of one plagioclase 
produced chemically indistinguishable An27 (average of all analyses) oligoclase results 
(Figure 7.1 & Table 7.4; Appendix C).  GRWY1 contains fayalite (Fo3Fa97) and 
magnetite that has been altered to ulvöspinel (Table 7.4; Appendix C).  The pyroxenes in 
GRWY1 are ferroan augite (Wo40En26Fs34Ac1) (Figure 7.2 & Table 7.4; Appendix C). 
 Five sanidines from GRWY1 were analyzed from rim to rim.  Four of the five 
analyzed sanidines exhibit distinct compositional zoning (Figure 7.8; Appendix D).  
Sanidines S1 and S2 have anorthoclase inclusions (Or32 and Or34, respectively; Table 7.2) 
surrounded by sanidine rims of relatively similar composition (Or50 and Or53, 
respectively; Table 7.2) (Figure 7.9; Appendix D).  Sanidine S4 grades in composition 
from Or55 (Table 7.2) at the core to a more sodic Or40 (Table 7.2) composition at the 
grain edge (Figure 7.9; Appendix D).  Sanidine S4 overlaps in composition with the rims 
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of sanidines S1 and S2 (Figure 7.9; Appendix D).  The majority of sanidine S5 is a 
relatively similar Or58 (Table 7.2) composition with a rim that becomes more sodic (Or43, 
Table 7.2) towards the edge of the grain (Figure 7.10; Appendix D).  Sanidine S6 has an 
oligoclase inclusion (An20, Table 7.2) and a compositional zone of sanidine (Or57, Table 
7.2) (Figure 7.10) that is chemically indistinguishable from the majority of sanidine S5 
(Figure 7.8; Appendix D).  Sanidine S6 also has a compositional rim that becomes more 
sodic (Or44, Table 7.2) towards the edge of the grain (Figure 7.10; Appendix D).  In fact, 
the most sodic analysis at the edge of both sanidine S6 and S5 are chemically 
indistinguishable (Figure 7.8 & Table 7.2; Appendix D).   
 Three of the BaO profiles of the five sanidines analyzed from GRWY1 are 
asymmetrical from rim to rim (Figure 7.11; Appendix D).  The Ba concentration of 
sanidine S1 increases from the left edge to a BaO high and then gradually decreases 
across the center of the crystal before suddenly dropping off to zero (Figure 7.12; 
Appendix D).  The region of Ba absence corresponds to the anorthoclase inclusion and 
the right edge of S1 (Figure 7.12; Appendix D).  Sanidine S2 has a low-Ba concentration 
across the majority of the crystal, with slight variation and like S1, suddenly drops to zero 
along the far right side of the phenocryst (Figure 7.12; Appendix D).  This area of no Ba, 
like S1, corresponds to the anorthoclase inclusion and the right edge of S2 (Figure 7.12; 
Appendix D).  The BaO profile of sanidine S4 is fairly symmetrical, with a relatively 
stable BaO composition across the center of the phenocryst and a slight drop in Ba at the 
crystal’s edges (Figure 7.12; Appendix D).  Sanidine S5 has an asymmetrical BaO pattern 
that from left to right gradually decreases from a high-Ba concentration to a low-Ba 
concentration at the right edge of the phenocryst (Figure 7.12; Appendix D).  The BaO 
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profile of sanidine S6 generally reflects the major element composition of S6 (Figure 
7.13; Appendix D).  No Ba was measured along the region of the oligoclase inclusion and 
along the majority of the phenocryst the Ba composition is highly variable, slightly 
decreasing towards the crystal edges, between 0.2 and 0 wt. % BaO (Figure 7.13; 
Appendix D).  At the edges of sanidine S6, the Ba composition increases sharply, 
corresponding to the decrease in Or % at the phenocryst edges (Figure 7.13; Appendix 
D).   
 
Table 7.2. Compositional zones of sanidines analyzed from sample GRWY1 
Sanidine Inclusion Composition 
Inner Zone 
Composition Rim Composition 
S1 An5Ab65Or30 a - An2Ab49Or49 b
S2 An5Ab63Or32 a - An2Ab46Or52 b
S4 - An3Ab44Or53 c An3Ab58Or39 d
S5 - An2Ab41Or57 e An3Ab55Or42 d
S6 An18Ab74Or8 a An2Ab42Or56 f An4Ab54Or42 d
a most sodic analysis of traverse 
b average of traverse analyses without anorthoclase inclusion analyses 
c most potassic analysis at center of traverse 
d most sodic analysis at edge of traverse 
e average of traverse analyses without rim analyses 
f average of traverse analyses without oligoclase inclusion and rim analyses 
 
Gibbon River Flow – Sample GRWY6 
 Thin section GRWY6 from the Gibbon River flow was determined to be chemically 
distinct based on its petrography and geochemistry (Chapters 5 & 6).  Thin section 
GRWY6 was further analyzed as a separate unit within the Gibbon River flow.  Point 
analyses of the cores and rims of four sanidines produced chemically indistinguishable 
Or44 (average of all analyses) sanidine results (Figure 7.1 & Table 7.4; Appendix C).  
Point analyses of the cores and rims of two amphiboles were done.  The amphibole cores 
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are more magnesian than the rims, however, both cores and rims were ferro-actinolite 
(Appendix C).  Two of the three pyroxenes analyzed are hedenbergite (Wo41En10Fs48Ac1, 
average) and the other is ferrosilite (Wo3En27Fs70) (Figure 7.2 & Table 7.4; Appendix C).  
GRWY6 also contains two distinct olivine compositions (Fo3Fa97 & Fo29Fa71), magnetite 
that has been altered to ulvöspinel, and ilmenite (Table 7.4; Appendix C). 
 Three sanidines from GRWY6 were analyzed from rim to rim by electron 
microprobe.  Sanidines S2 and S4 have a relatively similar composition across the grain 
and are chemically indistinguishable Or47 sanidines (Figure 7.14 & Table 7.3; Appendix 
D).  The largest grain, sanidine S1 has three compositional zones (Figure 7.15 & Table 
7.3; Appendix D).  The core is variable in composition (Figure 7.15), generally varying 
around a similar composition (Or43; assumed to be the average composition) but includes 
compositions up to Or52 and anorthoclase (An9) inclusions (Figure 7.15 & Table 7.3; 
Appendix D).  Surrounding the Na-rich core of S1 is a relatively compositionally similar, 
more potassic sanidine zone that is rimmed by a more sodic sanidine at the edges (Figure 
7.15 & Table 7.3; Appendix D).  The composition of the core and the edge of S1 are 
chemically indistinguishable (Figure 7.14 & Table 7.3; Appendix D).   
 Two of the three sanidines analyzed have asymmetrical rim to rim BaO profiles 
(Figure 7.16; Appendix D).  The highest Ba concentration of sanidine S1 is at the very 
edges of the phenocryst (Figure 7.17; Appendix D).  From left to right, the Ba- 
concentration of S1 is variable between 1.0 to 0.8 wt.% BaO across the majority of the 
phenocryst, then drops to a low-Ba composition before rising slightly and 
compositionally steadying out towards the phenocryst edge (Figure 7.17; Appendix D).  
The lower Ba concentration of S1 corresponds to the right-side of the inner potassic zone 
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(Figure 7.17; Appendix D).  The BaO profile of sanidine S2 is also asymmetrical, with 
the Ba concentration gradually increasing from the center of the phenocryst towards the 
edges (Figure 7.17; Appendix D).  Along the right-side of the BaO traverse, the Ba 
continues to increase to the phenocryst edge (Figure 7.17; Appendix D).  Towards the 
left-side of the phenocryst, the Ba concentration decreases towards the sanidine edge 
(Figure 7.17; Appendix D).  The BaO composition of sanidine S4 is relatively constant 
around 0.2 wt.% BaO (Figure 7.17; Appendix D).   
 
Table 7.3. Compositional zones of sanidines analyzed from sample GRWY6 
Sanidine Core Composition Inner Zone Composition Rim Composition 
S1 An4Ab55Or41 a An3Ab50Or47 b An4Ab56Or40 c
S2 - An2Ab53Or45 d - 
S4 - An2Ab52Or46 d - 
a average of compositionally variable core analyses 
b average of compositionally similar rim analyses 
c most sodic analysis at edge of traverse 
d average of traverse analyses 
 
Table 7.4. Summary of compositions of Gibbon River rhyolite phenocrysts  
Sample Sanidine Cores 
Sanidine 
Rims 
Plagioclase 
Cores 
Plagioclase 
Rims 
GRWY1 An2Ab45Or53 An3Ab46Or51 An24Ab69Or7 An25Ab68Or7 
GRWY6 An4Ab54Or42 An4Ab54Or42 - - 
GRWY7O An2Ab41Or57 An2Ab41Or57 An23Ab70Or7 An19Ab71Or10 
 
Sample Pyroxene Amphibole Olivine Magnetite Ilmenite 
GRWY1 Wo40En26Fs34Ac1ferroan augite - 
Fo3Fa94Tp3 
fayalite present -
 
GRWY6 
Wo41En10Fs48Ac1
hedenbergite;  
Wo3En27Fs70 
ferrosilite 
ferro-actinolite 
Fo3Fa94Tp3 
fayalite; 
Fo28Fa69Tp3
present present 
GRWY7O Wo39En24Fs36Ac1ferroan augite ferro-actinolite - present - 
“Present” indicates the mineral was identified by electron microprobe analysis (Appendix C & D). 
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Obsidian Cliff Rhyolite 
 The thin section for OCWY6 was analyzed by electron microprobe, however, all 
microphenocrysts were less than 10 μm in diameter.  Very poor analyses (measured 
elemental totals less than 97%) qualitatively indicate that the microphenocrysts are 
feldspar, pyroxene, and olivine.   
 While attempting to separate zircons from Obsidian Cliff sample OCWY14, a dark 
orange, heavy mineral was collected.  This sample was analyzed in a scanning electron 
microscope (SEM) and identified as fayalite (Figure 7.18).  These fayalites are between 
150 and 53 μm in size.   
 
Crystal Spring Rhyolite 
 Three thin sections from the Crystal Spring rhyolite samples were analyzed by 
electron microprobe, CSWY1, CSWY2, and CSYW4.  Point analyses of the cores and 
rims of two plagioclase phenocrysts from CSWY1 were done.  The core analyses were 
bytownite (An72, average of core analyses) and the rims were labradorite (An70, average 
of rim analyses) (Figure 7.19; Appendix E).  A rim to rim traverse analysis of a pyroxene 
phenocryst in CSWY2 was compositionally enstatite with a Mg-rich core (Wo4En77Fs19; 
average of core analyses) and Fe-rich rims (Wo4En70Fs26; average of rim analyses) 
(Figure 7.20; Appendix F).  Poor analyses (measured elemental totals less than 98%) of 
phenocrysts within CSWY4 indicate the Crystal Spring obsidians also contain 
microphenocrysts of feldspar, olivine, and iron oxides. 
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Plagioclase Traverse Analyses 
 Three plagioclase grains from CSWY1 were analyzed from rim to rim along two 
perpendicular traverses (Figure 7.21; Appendix F).  The edges of all three plagioclase 
grains are indistinct and optically grade into the surrounding glass matrix (viewed under 
BSE, CL, and SEM).  To assure the traverse only analyzed the plagioclase grain, the 
stoichiometric chemistry of the analyses at the grains’ edges were verified as plagioclase.  
If an analysis was not plagioclase in composition (having 20 ± 0.20 oxygen in its 
formula), then it was not included in the data set (Appendix F).  Nine analyses were 
excluded from the plagioclase traverse data for sample CSWY1; nearly all analyses 
excluded were either the first or last analyses of the traverse (CSWY1-5PB had one non-
edge analysis that was not plagioclase). 
 The analyses of traverse A of CSWY1-P1 are a compositionally similar bytownite 
(An72) across the middle of the grain (Figure 7.22 & Table 7.5; Appendix F).  Continuing 
towards the edges, the plagioclase composition of traverse A varies between bytownite 
composition (An73) and more Na-rich labradorite compositions (An66) (Figure 7.22 & 
Table 7.5; Appendix F).  At the crystal edges of traverse A, the plagioclase composition 
decreases in Ca content to a high-Na labradorite (An54) (Figure 7.22 & Table 7.5; 
Appendix F).  The analyses of traverse B of CSWY1-P1 have a bytownite core (An76) 
that decrease to a low-Ca bytownite composition (An72) that overlaps in composition with 
the middle analyses of traverse A (Table 7.22 & Table 7.5; Appendix F).  The analyses of 
traverse B maintain the low-Ca bytownite composition to the edge of the grain, except for 
a few irregular decreases in Ca to a Na-rich labradorite composition (Figure 7.22 & Table 
7.5; Appendix F).   
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 The analyses of traverse A along CSWY1-P5 vary in composition between a low-Ca 
bytownite (An73) of similar composition to the middle analyses and low-Ca composition 
of CSWY1-P1 (A & B, respectively) and a very low-Ca bytownite composition (An70) 
(Figure 7.22 & Table 7.5; Appendix F).  The analyses of traverse A (CSWY1-P5) 
decrease in Ca-concentration at the edges (Figure 7.22 & Table 7.5; Appendix F).  The 
analyses of traverse B (CSWY1-P5) are a compositionally similar An71 across the entire 
grain with a slight gradation in composition from low-Ca bytownite (An75) to high-Na 
labradorite (An69) from left to right (Figure 7.22 & Table 7.5; Appendix F).  The analyses 
show a drop in Ca-concentration to a labradorite composition (An67) at the grain edges 
(Figure 7.22 & Table 7.5; Appendix F).   
 The analyses of both traverse A and B of CSWY1-P6 have a bytownite center (An80 
& An82, traverse A & B, respectively) surrounded by a compositionally similar low-Ca 
bytownite (An74 & An74, traverse A & B, respectively) across the majority of the crystal 
(Figure 7.22 & Table 7.5; Appendix F).  One edge of traverse B increases in Ca 
concentration (~5% higher An composition) to a An78 bytownite plateau (Figure 7.22; 
Appendix F).  The composition of the other crystal edge of traverse B decreases in Ca to 
a high-Ca andesine (An49), and the crystal edges of traverse A decrease in Ca 
concentration to labradorite compositions (An66) (Figure 7.22 & Table 7.5; Appendix F).   
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Table 7.5. Compositional zones of plagioclases analyzed from sample CSWY1 
Plagioclase 
Traverse 
Core 
Composition 
Constant Inner 
Zone Composition 
Variable Inner 
Zone Composition 
Rim 
Composition 
1PA - An71Ab28Or1 a 
An72Ab27Or1 / 
An65Ab33Or2 b 
ave.: An70Ab29Or1 c 
An53Ab45Or3 d 
1PB An75Ab24Or1 a 
An71Ab28Or1 a
sep.: An72Ab28Or1 / 
An66Ab33Or1 e 
- - 
5PA - - 
An72Ab27Or1 / 
An70Ab30Or1 b 
ave.: An71Ab29Or1 c 
An60Ab38Or2 d 
5PB - 
An70Ab29Or1 a
from An74Ab25Or1 f 
to An68Ab31Or1 g 
- An66Ab33Or2 h 
6PA An79Ab20Or0 i An74Ab26Or0 a - An65Ab34Or1 h 
6PB An82Ab18Or0 j An73Ab26Or1 a 
plateau: 
An78Ab22Or1 k 
An48Ab49Or3 d 
a average of compositionally similar middle analyses 
b average of bytownite compositional zone analyses and average of labradorite 
compositional zone analyses in compositionally variable core region, respectively 
c average of compositionally variable core analyses 
d most sodic analysis at edge of traverse 
e compositional averages with Ca decreases separated and compositions calculated as in b. 
above 
f most calcic analysis at edge of compositionally similar middle analyses of traverse 
g most sodic analysis at edge of compositionally similar middle analyses of traverse 
h average of edge analyses 
i most calcic analysis of traverse 
j average of most calcic analyses at core of traverse 
k average of compositional plateau at edge of traverse 
 
Crystal Spring Mafic Enclaves 
 Thin section CSWY1E was chosen as representative of the Crystal Spring mafic 
enclaves.  Point analyses of the cores and rims of five plagioclase grains were done.  The 
core analyses are bytownite (An72, average of core analyses) in composition and the rims 
are more sodic labradorite (An65, average of rim analyses) (Figure 7.19; Appendix E).  
The composition of CSWY1E plagioclase is chemically indistinguishable from the 
 69
composition of the plagioclase analyzed from CSWY1 (Figure 7.19; Appendix E).  Point 
analyses of the cores and rims of the olivine phenocrysts are all forsterite and the rims are 
more iron-rich than the cores (Fo77Fa23 cores; Fo63Fa37 rims; averages of core and rim 
analyses, respectively) (Appendix E).  The majority of the point analyses of pyroxene 
phenocrysts are augite (Wo37En45Fs17Ac1), except one phenocryst that is pigeonite 
(Wo8En57Fs35) (Figure 7.20; Appendix E).  CSWY1E also contains magnetite (Appendix 
E). 
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
79
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
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Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
79
80
81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
79
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
79
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
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Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
79
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
79
80
81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
CS
W
Y1
 P
la
gi
oc
la
se
 6
P
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
CS
W
Y1
 P
la
gi
oc
la
se
 1
P
CS
W
Y1
 P
la
gi
oc
la
se
 5
P
An %
An %
0
50
10
0
15
0
20
0
25
0
30
0
35
0
40
0
0
50
10
0
15
0
20
0
25
0
30
0
35
0
40
0
0
50
10
0
15
0
20
0
25
0
30
0
35
0
40
0
70 658085 75 60 55 50 45 40
70 6580 75 60 55 50
Tr
av
er
se
 A
Tr
av
er
se
 B
Tr
av
er
se
 A
Tr
av
er
se
 B
Tr
av
er
se
 A
Tr
av
er
se
 B
P1
-A
P1
-B
P5
-A
P5
-B
P6
-A
P6
-B
CS
W
Y1
 P
la
gi
oc
la
se
 A
n%
45 405055606570758085
0
50
10
0
15
0
20
0
25
0
30
0
35
0
40
0
Le
ng
th
 A
lo
ng
 G
ra
in
 (
µm
)
An %
En Fs
Wo50
Ab An
Or
Fayalite Spectra
0
200
400
600
800
1000
1200
1400
1 47 93 139 185 231 277 323 369 415 461 507 553 599 645 691 737 783 829 875 921 967 1013
keV
Co
un
ts
Analysis 2
Analysis 1
Mn
Fe
Fe
Fe
O
Si
Au
Au
Au Au
GR
W
Y6
 S
an
id
in
e 
S1
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
BaO (wt.%)
BaO (wt.%)
GR
W
Y6
 S
an
id
in
e 
S2
GR
W
Y6
 S
an
id
in
e 
S4
0
50
10
0
15
0
20
0
0
10
0
20
0
30
0
40
0
50
0
60
0
0
20
0
40
0
60
0
80
0
10
00
12
00
14
00
16
00
0
0.
1
0.
2
0.
3
0.
4
0.
5
0.
6
0.
7
0.
8
0
0.
2
0.
4
0.
6
0.
81.01.2
O
r 
%
O
r 
%Ba
O
Ba
O
Ba
O
O
r 
%
Or %
60 55 50 45 40 35
Or %
60 55 50 45 40 35 30
GR
W
Y6
 S
an
id
in
e 
Ba
O
0
0.
2
0.
4
0.
6
0.
8
1.01.
2
0
20
0
40
0
60
0
80
0
10
00
12
00
14
00
16
00
Le
ng
th
 A
lo
ng
 G
ra
in
 (
µm
)
BaO (wt.%)
S1 S2 S4
GR
W
Y6
 S
an
id
in
e 
S1
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
GR
W
Y6
 S
an
id
in
e 
S2
GR
W
Y6
 S
an
id
in
e 
S4
Or %
0
50
10
0
15
0
20
0
0
10
0
20
0
30
0
40
0
50
0
60
0
0
60 55 50 45 40 35 30
Or %
60 55 50 45 40 35 30
20
0
40
0
60
0
80
0
10
00
12
00
14
00
16
00
S1 S2 S4
GR
W
Y6
 S
an
id
in
e 
O
r%
35 304045505560
0
20
0
40
0
60
0
80
0
10
00
12
00
14
00
16
00
Le
ng
th
 A
lo
ng
 G
ra
in
 (
µm
)
Or %
GR
W
Y1
 S
an
id
in
e 
S1
GR
W
Y1
 S
an
id
in
e 
S2
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
GR
W
Y1
 S
an
id
in
e 
S4
GR
W
Y1
 S
an
id
in
e 
S5
BaO (wt.%) BaO (wt.%)
0
10
0
20
0
30
0
40
0
50
0
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
90
0
0
50
10
0
15
0
20
0
25
0
30
0
GRWY1 Sanidine S6
Length Along Grain (µm)
0 200 400 600 800 1000 1200 1400 1600
00.
1
0.
2
0.
3
0.
4
0.
5
0.
6
0.
7 0
0.
2
0.
4
0.
6
0.
81.01.21.41.61.82.
0
Or %
BaO
O
r 
% B
aO
O
r 
%
Ba
O
O
r 
%
O
r 
%
Ba
O
Ba
O
0
0.1
0.2
0.3
0.4
0.5
Ba
O
 (w
t.
%
)
O
r %
65
55
45
35
25
15
5
Or %Or %
70 65 60 55 50 45 40 35 3050 45 40 35 30 25 20 15
GR
W
Y1
 S
an
id
in
e 
Ba
O
0
0.
2
0.
4
0.
6
0.
8
1.01.
21.41.61.82.
0
0
20
0
40
0
60
0
80
0
10
00
12
00
14
00
16
00
Le
ng
th
 A
lo
ng
 G
ra
in
 (
µm
)
BaO (wt.%)
S1 S2 S4 S5 S6
GR
W
Y1
 S
an
id
in
e 
S1
GR
W
Y1
 S
an
id
in
e 
S2
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
GR
W
Y1
 S
an
id
in
e 
S4
GR
W
Y1
 S
an
id
in
e 
S5
Or %Or %
0
10
0
20
0
30
0
40
0
50
0
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
90
0
0
70 65 60 55 50 45 40 35 3060 55 50 45 40 35 30 25 20
50
10
0
15
0
20
0
25
0
30
0
GRWY1 Sanidine S6
Length Along Grain (µm)
O
r 
%
0
65
55
45
35
25
15
5
200 400 600 800 1000 1200 1400 1600
GR
W
Y1
 S
an
id
in
e 
O
r%
5152535455565
0
20
0
40
0
60
0
80
0
10
00
12
00
14
00
16
00
Le
ng
th
 A
lo
ng
 G
ra
in
 (
µm
)
Or %
S1 S2 S4 S5 S6
GR
W
Y7
P 
Sa
ni
di
ne
 S
2
GR
W
Y7
P 
Sa
ni
di
ne
 S
5
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
O
r 
%
Ba
O
O
r 
%
Ba
O
O
r 
%
Ba
O O
r 
%
Ba
O
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
GR
W
Y7
P 
Sa
ni
di
ne
 S
3
GR
W
Y7
P 
Sa
ni
di
ne
 S
6
BaO (wt.%) BaO (wt.%)
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
0
10
0
20
0
30
0
40
0
50
0
60
0
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
0
0.
2
0.
4
0.
6
0.
81.01.21.4
00.
1
0.
2
0.
3
0.
4
0.
5
0.
6
0.
7
Or % Or %
7075 65 60 55 50 7
0 6580 75 60 55
GR
W
Y7
P 
Sa
ni
di
ne
 B
aO
0
0.
2
0.
4
0.
6
0.
8
1.01.
21.4
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
Le
ng
th
 A
lo
ng
 G
ra
in
 (
µm
)
BaO (wt.%)
S2 S3 S5 S6
GR
W
Y7
P 
Sa
ni
di
ne
 S
2
GR
W
Y7
P 
Sa
ni
di
ne
 S
5
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
Le
ng
th
 A
lo
ng
 G
ra
in
 (µ
m
)
GR
W
Y7
P 
Sa
ni
di
ne
 S
3
GR
W
Y7
P 
Sa
ni
di
ne
 S
6
Or % Or %
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
0
10
0
20
0
30
0
40
0
50
0
60
0
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
0
70 65 60 55 50 45 40 70 65 60 55 50 45 40
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
GR
W
Y7
P 
Sa
ni
di
ne
 O
r%
40455055606570
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
Le
ng
th
 A
lo
ng
 G
ra
in
 (
µm
)
Or %
S2 S3 S5 S6
A
n
A
b
O
r
GR
W
Y7
P 
Pl
ag
io
cl
as
e
01020304050607080
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
80
0
90
0
10
00
Le
ng
th
 A
lo
ng
 G
ra
in
 (
µm
)
Percent
En Fs
Wo50
Ab An
Or
70
Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
79
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
79
80
81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
78
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81
Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
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Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
87
Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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Figure 7.1. Electron microprobe point analyses of feldspar compositions of GRWY7P 
(  ), GRWY1 (  ), and GRWY6 (  ). 
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Figure 7.10. Detail of electron microprobe traverse analyses of the Or composition of 
the 5th sanidine analysed from GRWY1.  Notice the plagioclase inclusion, and the 
increase in albite content at edges of grains.  Traverse is from rim to rim.
Figure 7.13. Detail of electron microprobe traverse analyses of the BaO composition 
(red, thick line) of the 5th sanidine analyzed from GRWY1 overlaid with the Or composi-
tion (blue, thin line) of those sanidines.  Traverses are from rim to rim.
Figure 7.2. Electron microprobe analyses of pyroxene compositions of GRWY7P (  ), 
GRWY1 (  ), and GRWY6 (  ).
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Figure 7.19. Electron microprobe point analyses of feldspar compositions  of  CSWY1 
(  ) and CSWY1E (  ).  Notice CSWY1 plagioclases compositionally group with the 
CSWY1E plagioclases. 
Figure 7.20. Electron microprobe traverse analyses of pyroxene compositions of 
CSWY2 (  ) and point analyses of pyroxene compositions of CSWY1E (  ).
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Figure 7.18. SEM analyses of two fayalite grains separated from altered obsidian 
sample OCWY14.  Sample was coated in gold before analysis.
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CHAPTER 8 
GEOTHERMOMETRY 
 Two samples of Gibbon River rhyolite analyzed by electron microprobe provided 
compositional data for both sanidine and plagioclase, GRWY7P and GRWY1.  Gibbon 
River sample GRWY6 did not contain plagioclase.  Assuming the outer edge of all the 
feldspar phenocrysts are in equilibrium within a single sample (Fuhrman and Lindsley, 
1988), the electron microprobe analyses were used to calculate a feldspar crystallization 
temperature for the main Gibbon River flow (sample GRWY7P) and the southwestern 
flow of the Gibbon River rhyolites (sample GRWY1).   
 Further analysis by electron microprobe was preformed on quartz phenocrysts from 
three samples from the Gibbon River rhyolites, GRWY1, GRWY6, and GRWY7P.  Rim 
to rim traverse analyses of each quartz phenocryst focused on analyzing titanium 
concentration across the grain.  These titanium concentrations were then used to calculate 
quartz crystallizations temperatures along the analysis traverse (Wark and Watson, 2006). 
 The calculated two-feldspar temperatures are included in Appendix G.  The electron 
microprobe analyses of the Gibbon River quartz samples and their respective calculated 
TitaniQ temperatures (Wark and Watson, 2006) are included in Appendix H. 
 
Feldspar Geothermometry 
 In order to calculate feldspar crystallization temperatures using Fuhrman and 
Lindsley’s two-feldspar geothermometry method (1988), an estimate of the magma’s 
pressure during feldspar crystallization is required.  Geophysical modeling and 
tomography presented in Husen and others (2004) indicate that the magma system 
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beneath the Yellowstone Caldera is ~8 km beneath the surface, with a gas-filled rock 
body 2 to 5 km beneath the surface of the Norris Geyser region.  Modeling by Chang and 
others (2007) indicates a magma system between 6 and 14 km beneath the Yellowstone 
Caldera, with an expanding and contracting mass 6 to 16 km beneath the Norris Geyser 
region.  Using these magma depths to estimate the depth of the system that produced the 
Gibbon River rhyolites, a depth of ~9 km would likely be within the upper or middle 
portion of a Gibbon River magma system.  This depth corresponds to a pressure of ~3 
kbar (assuming a geobarometric gradient of ~0.33 kbar/km).  All of the feldspar 
crystallization temperatures below were calculated at 3 kbar. 
Gibbon River Flow – Main Rhyolite 
 Data from nine sanidine and one plagioclase point analyses and seven sanidine and 
two plagioclase “edge” of traverse analyses (see Chapter 7) were used to calculate two-
feldspar temperatures at 3 kbar in SolvCalc (Wen & Nekvasil, 1994).  An eighth “edge” 
analysis from sanidine traverse GRWY7P-S5 was also used to calculate feldspar 
crystallization temperatures, but its calculated temperatures were omitted from the 
sample’s average feldspar crystallization temperature.  Two of the feldspar crystallization 
temperature sets calculated using this analysis from GRWY7P-S5 (T23 & T40, Appendix 
G) gave temperatures with more than ± 40°C variation, indicating this analysis’ 
composition was not in equilibrium with the two of the three analyzed plagioclase 
compositions (Fuhrman and Lindsley, 1988).  The third feldspar crystallization 
temperature set calculated using the “edge” analysis from GRWY7P-S5 (T06, Appendix 
G) was omitted since its equilibrium composition is suspect and if included, it increases 
the average crystallization temperature for GRWY7P feldspars by only 0.5°C.  The 
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calculated feldspar crystallization temperatures ranged between 795.7°C and 827.1°C 
with an average crystallization temperature for GRWY7P feldspars of 813.5°C ± 30°C 
(uncertainty based on Fuhrman and Lindsley, 1988). 
Gibbon River Flow – Southwestern Rhyolite 
 The electron microprobe analyses of sample GRWY1 from the southwestern flow of 
the Gibbon River rhyolites provided rim analyses from both plagioclase and sanidine 
(Chapter 7).  The sanidine compositions used to calculate the two-feldspar crystallization 
temperatures varied quite a bit (Or ± 8%) and with only one plagioclase composition 
available to calculate two-feldspar crystallization temperatures, it is unlikely that all the 
sanidine compositions are in equilibrium with the plagioclase analysis.  Data from four 
sanidine and one plagioclase point analyses and ten sanidine “edge” of traverse analyses 
(see Chapter 7) were used to calculate two-feldspar temperatures at 3 kbar in SolvCalc 
(Wen & Nekvasil, 1994).  None of the two-feldspar crystallization calculations gave 
concordant, equilibrium temperatures (Fuhrman and Lindsley, 1988).  Three of the 
calculated feldspar crystallization temperature sets gave close-to-equilibrium calculated 
temperatures, with two concordant temperatures and a third temperature within ± 100°C 
of the concordant two (Fuhrman and Lindsley, 1988).  Using the mean of the two 
concordant temperatures as the calculated feldspar crystallization temperature for these 
three analyses, the average crystallization temperature calculated for GRWY1 feldspars is 
818.6°C ± 40°C (uncertainty based on Fuhrman and Lindsley, 1988).   
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Titanium-in-Quartz Geothermometry 
 The TitaniQ titanium-in-quartz geothermometry method developed by Wark and 
Watson (2006) used rutile to fix the activity of TiO2 (aTiO2 = 1) while developing their 
temperature curves.  Rutile was not identified within any of the Gibbon River rhyolites 
and so to utilize the TitaniQ method to calculate quartz crystallization temperatures, an 
estimate of the activity of TiO2 within a particular magma is required (Wark and Watson, 
2006).  Both ilmenite and Ti-rich magnetite (on average (Fe80Ti20)3O4) were identified in 
sample GRWY6, while only Ti-rich magnetite was analyzed in samples GRWY1 and 
GRWY7P (on average (Fe85Ti15)3O4) (Tables C.14 through C.16, Appendix C).  Poor 
electron microprobe analyses (analyses with measured elemental totals less than 98%) 
indicate that a secondary alteration of the magnetite to ulvöspinel has occurred in all three 
samples.  The eruption temperature of each flow is needed to estimate the activity of TiO2 
within the Gibbon River samples (Wark and Watson, 2006; Hayden and Watson, 2007).  
This creates a circuitous issue.  Wark and Watson (2006), Wark and others (2007), and 
Hayden and Watson (2007) suggested that generally silicic melts will have TiO2 activities 
of 0.6 or higher.  Wark and Watson (2006) also calculated a TiO2 activity for the Bishop 
Tuff, part of the voluminous, rhyolitic Long Valley Volcanic Field, as aTiO2 = 0.63 ± 
0.03.  For the Gibbon River rhyolites, an estimated TiO2 activity of aTiO2 = 0.6 was used 
for all TitaniQ calculations.  This estimate is further justified by an estimate for the 
activity of TiO2 for the Yellowstone Volcanic Field of aTiO2 = 0.58 ± 0.38 (Hayden and 
Watson, 2007).  
 Seven quartz phenocrysts were analyzed from rim to rim for TiO2: three from 
GRWY7P (7P-QA, 7P-QB, and 7P-QC), two from GRWY1 (1-QA and 1-QB), and two 
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from GRWY6 (6-QA and 6-QB) (Figures 8.1, 8.2, 8.3 & 8.4).  Analyses with measured 
elemental totals less than 98% were omitted from the geothermometry calculations.  
These TiO2 analyses were then converted to quartz crystallization temperatures using the 
TitaniQ geothermometry method (Wark and Watson, 2006).  The uncertainty of these 
TiO2 analyses is 30 ppm.  The uncertainty of the calculated TitaniQ temperatures is 
logarithmic (Wark and Watson, 2006) and, based on the uncertainty of the Ti-analyses, is 
calculated for the range of Gibbon River rhyolite quartz temperatures in Table 8.1. 
 
Table 8.1. Calculated uncertainties of calculated TitaniQ temperatures 
TiO2 
Concentration (ppm) 
TitaniQ 
Temperature 
Calculated 
Uncertainty (°C) a 
+ - 
428 1050°C 14 14 
329 1000°C 16 17 
247.5 950°C 20 21 
181.5 900°C 24 27 
129.5 850°C 30 36 
89.5 800°C 39 50 
59.5 750°C 50 76 
38.5 700°C 66 138 
a Uncertainty was calculated by adding and subtracting 30 ppm 
from each respective TiO2 concentration and calculating the 
TitaniQ temperature of the TiO2 ± 30 concentrations.  The 
calculated uncertainty is the difference between the TitaniQ 
temperature and the TiO2 ± 30 temperature. 
 
 Cathodoluminescence (CL) images of all seven analyzed quartz grains were taken to 
help determine if the grains are chemically zoned (Figures 8.5, 8.6 & 8.7). 
Gibbon River Flow – Main Rhyolite 
 Of the three of the quartz phenocrysts analyzed from sample GRWY7P, two, quartz 
7P-QB and 7P-QC, exhibit a relatively constant TiO2 composition and temperature 
(Figure 8.2).  Quartz 7P-QB has an average temperature of 932°C and ranges in 
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temperature from 898.8°C to 965.0°C (Figure 8.2).  Quartz 7P-QC has an average 
temperature of 894°C and ranges in temperature from 839.3°C to 937.9°C (Figure 8.2).  
The TiO2 content of quartz 7P-QA decreases from the core to the rim and ranges in 
temperature from 890.0°C to 995.0°C (Figure 8.2).  The average temperature of quartz 
7P-QA is 956°C (Figure 8.2). 
 All three CL images of the quartz phenocrysts from sample GRWY7P are euhedral 
grains with a light grey luminescence (Figure 8.5).  The CL image of quartz 7P-QA 
shows multiple, indistinct growth zones (thin white, concentric lines) but does not exhibit 
distinct chemical zonation throughout the phenocryst.  The CL image of quartz 7P-QB 
shows a single, darker oblong core (lower left of 7P-QB in Figure 8.2) that was not 
crossed during the Ti-analysis traverse.  The rest of quartz 7P-QB exhibits no distinct 
chemical zonation across the phenocryst (Figure 8.5).  The CL image of quartz 7P-QC 
shows a slightly darker core with a single light rim along the grain edge (most visible 
along the middle right of 7P-QC in Figure 8.5).  
Gibbon River Flow – Southwestern Rhyolite 
 Two GRWY1 quartz phenocrysts were analyzed for TiO2 composition.  The 
temperatures calculated for quartz 1-QA vary between 750°C and 850°C (Figure 8.3).  A 
single edge of quartz 1-QA (left-side of analysis traverse) rises to 907.2°C (Figure 8.3).  
The average temperature of quartz 1-QA (without the high temperature edge) is 794°C 
and ranges in temperature from 729.4°C to 850.5°C (Figure 8.3).  Quartz 1-QB has at 
least two temperature zones, a core zone that varies across the 700°C temperature range, 
and at least one rim zone with temperatures of greater than 900°C (Figure 8.3).  The core 
of quartz 1-QB has an average temperature of 787°C and ranges in temperature from 
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704.8°C to 839.3°C (Figure 8.3).  The rim of quartz 1-QB has an average temperature of 
921°C and ranges in temperature from 861.2°C to 971.3°C (Figure 8.3).   
 The high temperature rim of quartz 1-QB could represent two separate high 
temperature zones.  The temperatures at the edge of the grain are constant (rim 1), 
whereas between the low temperature core and the constant high temperatures, the high 
temperatures drop from a maximum temperature and then, consistently rise to second 
maximum temperature (rim 2) (Figure 8.3).  On the right-side of the analysis traverse, the 
variable high temperature rim (rim 2) consistently drops after reaching the second 
maximum temperature (Figure 8.3).  The average temperature of “rim 1” is 926°C and its 
temperatures range from 880.8°C to 951.8°C (Figure 8.3).  The average temperature of 
“rim 2” is 915°C and it ranges in temperature from 861.2°C to 971.3°C (Figure 8.3).  The 
average temperature and temperature range of “rim 2” are within the uncertainty of the 
average temperature and temperature range of “rim 1” (Table 8.3). 
 Both quartz phenocrysts from sample GRWY1 are anhedral, broken or shattered 
grains (Figure 8.6).  A CL image of quartz phenocryst 1-QA shows strong zonation with 
a dark core and a distinct light-colored rim (Figure 8.6).  The CL image of 1-QB shows 
strong zonation with several distinct light rims around a dark core (Figure 8.6).  A broken 
edge that exposes the dark core of 1-QB has a light-colored rim along the break (Figure 
8.6). 
Gibbon River Flow – Sample GRWY6 
 The calculated temperatures for quartz 6-QA consistently increase and decrease 
across the grain between 900°C and 975°C (Figure 8.4).  The average temperature of 6-
QA is 936.3°C and ranges in temperature from 890.0°C and 971.3°C (Figure 8.4).  
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Quartz 6-QB exhibits a relatively constant TiO2 composition and temperature (Figure 
8.4).  The average temperature of quartz 6-QB is 964.6°C and the calculated temperatures 
range from 930.6°C to 1006.1°C (Figure 8.4).   
 The two quartz phenocrysts analyzed from sample GRWY6 are subhedral, shattered 
grains (Figure 8.7).  The CL image of quartz 6-QA shows moderate zoning with some 
lighter rims around a dark core (Figure 8.7).  The CL image of quartz 6-QB shows only a 
slight color variation between the light core and the nearly white rim (Figure 8.7).   
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Figure 8.6. CL images of the two GRWY1 quartz phenocrysts analyzed for TiO .  
Notice the distinct compositional zoning.  From left to right, 1-QA and 1-QB.  Red line 
indicates microprobe traverse and direction.  TitaniQ quartz crystallization temperatures 
from these two phenocrysts are presented in Figure 8.1 and Appendix H.
2
Figure 8.4. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY6 (6-QA and 6-QB).  Original traverses are from rim to rim.
Figure 8.2. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 3 quartz phenocrysts 
from GRWY7P (7P-QA, 7P-QB and 7P-QC).  Original traverses are from rim to rim.
Figure 8.3. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY1 (1-QA and 1-QB).  Original traverses are from rim to rim.
Figure 8.7. CL images of the two GRWY6 quartz phenocrysts analyzed for TiO .  
Notice slightly brighter rim around each phenocryst.  From left to right, 6-QA and 6-QB.  
Red line indicates microprobe traverse and direction.  TitaniQ quartz crystallization 
temperatures from these two phenocrysts are presented in Figure 8.1 and Appendix H.
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Figure 8.5. CL images of the three GRWY7P quartz phenocrysts analyzed for TiO  .  
From top to bottom, 7P-QA, 7P-QB, and 7P-QC.  Red line indicates microprobe traverse 
and direction.  TitaniQ quartz crystallization temperatures for these three phenocrysts are 
presented in Figure 8.1 and Appendix H.
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Figure 8.6. CL images of the two GRWY1 quartz phenocrysts analyzed for TiO .  
Notice the distinct compositional zoning.  From left to right, 1-QA and 1-QB.  Red line 
indicates microprobe traverse and direction.  TitaniQ quartz crystallization temperatures 
from these two phenocrysts are presented in Figure 8.1 and Appendix H.
2
Figure 8.4. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY6 (6-QA and 6-QB).  Original traverses are from rim to rim.
Figure 8.2. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 3 quartz phenocrysts 
from GRWY7P (7P-QA, 7P-QB and 7P-QC).  Original traverses are from rim to rim.
Figure 8.3. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY1 (1-QA and 1-QB).  Original traverses are from rim to rim.
Figure 8.7. CL images of the two GRWY6 quartz phenocrysts analyzed for TiO .  
Notice slightly brighter rim around each phenocryst.  From left to right, 6-QA and 6-QB.  
Red line indicates microprobe traverse and direction.  TitaniQ quartz crystallization 
temperatures from these two phenocrysts are presented in Figure 8.1 and Appendix H.
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Figure 8.5. CL images of the three GRWY7P quartz phenocrysts analyzed for TiO  .  
From top to bottom, 7P-QA, 7P-QB, and 7P-QC.  Red line indicates microprobe traverse 
and direction.  TitaniQ quartz crystallization temperatures for these three phenocrysts are 
presented in Figure 8.1 and Appendix H.
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Figure 8.6. CL images of the two GRWY1 quartz phenocrysts analyzed for TiO .  
Notice the distinct compositional zoning.  From left to right, 1-QA and 1-QB.  Red line 
indicates microprobe traverse and direction.  TitaniQ quartz crystallization temperatures 
from these two phenocrysts are presented in Figure 8.1 and Appendix H.
2
Figure 8.4. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY6 (6-QA and 6-QB).  Original traverses are from rim to rim.
Figure 8.2. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 3 quartz phenocrysts 
from GRWY7P (7P-QA, 7P-QB and 7P-QC).  Original traverses are from rim to rim.
Figure 8.3. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY1 (1-QA and 1-QB).  Original traverses are from rim to rim.
Figure 8.7. CL images of the two GRWY6 quartz phenocrysts analyzed for TiO .  
Notice slightly brighter rim around each phenocryst.  From left to right, 6-QA and 6-QB.  
Red line indicates microprobe traverse and direction.  TitaniQ quartz crystallization 
temperatures from these two phenocrysts are presented in Figure 8.1 and Appendix H.
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Figure 8.5. CL images of the three GRWY7P quartz phenocrysts analyzed for TiO  .  
From top to bottom, 7P-QA, 7P-QB, and 7P-QC.  Red line indicates microprobe traverse 
and direction.  TitaniQ quartz crystallization temperatures for these three phenocrysts are 
presented in Figure 8.1 and Appendix H.
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Figure 8.6. CL images of the two GRWY1 quartz phenocrysts analyzed for TiO .  
Notice the distinct compositional zoning.  From left to right, 1-QA and 1-QB.  Red line 
indicates microprobe traverse and direction.  TitaniQ quartz crystallization temperatures 
from these two phenocrysts are presented in Figure 8.1 and Appendix H.
2
Figure 8.4. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY6 (6-QA and 6-QB).  Original traverses are from rim to rim.
Figure 8.2. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 3 quartz phenocrysts 
from GRWY7P (7P-QA, 7P-QB and 7P-QC).  Original traverses are from rim to rim.
Figure 8.3. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY1 (1-QA and 1-QB).  Original traverses are from rim to rim.
Figure 8.7. CL images of the two GRWY6 quartz phenocrysts analyzed for TiO .  
Notice slightly brighter rim around each phenocryst.  From left to right, 6-QA and 6-QB.  
Red line indicates microprobe traverse and direction.  TitaniQ quartz crystallization 
temperatures from these two phenocrysts are presented in Figure 8.1 and Appendix H.
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Figure 8.5. CL images of the three GRWY7P quartz phenocrysts analyzed for TiO  .  
From top to bottom, 7P-QA, 7P-QB, and 7P-QC.  Red line indicates microprobe traverse 
and direction.  TitaniQ quartz crystallization temperatures for these three phenocrysts are 
presented in Figure 8.1 and Appendix H.
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Figure 8.6. CL images of the two GRWY1 quartz phenocrysts analyzed for TiO .  
Notice the distinct compositional zoning.  From left to right, 1-QA and 1-QB.  Red line 
indicates microprobe traverse and direction.  TitaniQ quartz crystallization temperatures 
from these two phenocrysts are presented in Figure 8.1 and Appendix H.
2
Figure 8.4. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY6 (6-QA and 6-QB).  Original traverses are from rim to rim.
Figure 8.2. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 3 quartz phenocrysts 
from GRWY7P (7P-QA, 7P-QB and 7P-QC).  Original traverses are from rim to rim.
Figure 8.3. Titanium-in-Quartz crystallization temperatures calculated from electron 
microprobe traverse analyses of TiO  (Wark & Watson, 2006) in 2 quartz phenocrysts 
from GRWY1 (1-QA and 1-QB).  Original traverses are from rim to rim.
Figure 8.7. CL images of the two GRWY6 quartz phenocrysts analyzed for TiO .  
Notice slightly brighter rim around each phenocryst.  From left to right, 6-QA and 6-QB.  
Red line indicates microprobe traverse and direction.  TitaniQ quartz crystallization 
temperatures from these two phenocrysts are presented in Figure 8.1 and Appendix H.
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Figure 8.5. CL images of the three GRWY7P quartz phenocrysts analyzed for TiO  .  
From top to bottom, 7P-QA, 7P-QB, and 7P-QC.  Red line indicates microprobe traverse 
and direction.  TitaniQ quartz crystallization temperatures for these three phenocrysts are 
presented in Figure 8.1 and Appendix H.
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CHAPTER 9 
230TH/238U GEOCHRONOLOGY 
 Twenty spots on eleven zircon grains from sample GRWY6 were analyzed for 230Th/ 
238U ages by ion microprobe.  The full data set is contained in Appendix I.  Analysis 16 
ablated through the grain and into the epoxy (Figure 9.1b), and was excluded from the 
230Th/ 238U data set (Schmitt et al., 2006).  The zircons range from 72 to 487 ppm in U 
concentration with an average of 190 ppm (Table 9.1).   
 CL images of the analyzed grains indicate two populations of zircons within sample 
GRWY6.  The main zircon population (Grains 1, 3, 5-7, 9 & 10) is euhedral to subhedral 
with multiple, subtle growth zones (Figure 9.1a&b).  Many grains contain a euhedral, 
light-colored CL core, often truncated by the grain’s edge (Figure 9.1b).  The zircon 
grains are commonly moderately resorbed (Figure 9.1a&b).  The second zircon 
population (Grains 2, 4, 8 & 11) is subhedral to anhedral with a subhedral, dark-colored 
CL core surrounded by several subhedral growth zones (Figure 9.2a&b).  The growth 
zones generally grade from the dark-colored CL core to a lighter CL rim (Figure 9.2a&b).  
A few grains contain very distinct growth zones (Figure 9.2b).  The zircon grains 
typically have slightly to moderately resorbed edges (Figure 9.2a&b).  
 All spots analyzed were not in secular equilibrium and fall below the 230Th/ 238U 
equiline (Figure 9.3) (Schmitt et al., 2006).  Disequilibrium ages for individual zircon 
analyses were determined by calculating the slope of two-point isochrons through each 
zircon composition (Appendix I) and the approximate whole-rock U/Th composition 
(Table 9.1).  The measured U and Th compositions for sample GRWY6 (U = 4.26 ppm, 
Th = 19.57 ppm; Appendix B, Table B.1) were used for the approximate whole-rock 
 104
U/Th composition (U/Th = 0.218).  Generally all the analyses have large uncertainties (> 
±10 ka) (Table 9.1).  A York regression (York, 1969) of all the analyses yielded a 
disequilibrium age of 27
36105  ka with an MSWD of 0.73 (Figure 9.3). 
 
Table 9.1. U-Th Ages Calculated for GRWY6 Zircon Analyses 
Zircon 
Grain 
Spot 
Location Spot No. U (ppm) Age (ka)
 a 1 σ (ka) 
1 rim 1 72 131 34 
1 core 2 129 120 29 
1 core 3 105 211 64 
2 core 4 275 138 17 
3 core 5 191 126 19 
3 core 6 188 133 21 
4 core 7 379 160 20 
5 core 8 135 162 33 
6 rim 9 142 130 21 
6 core 10 153 116 18 
6 rim 11 139 139 24 
7 core 12 127 138 25 
7 core 13 167 148 27 
8 core 14 125 132 26 
8 rim 15 137 166 36 
9 core 17 108 156 35 
10 core 18 487 184 24 
11 rim 19 126 132 23 
11 rim 20 418 137 13 
Isochron Age: 105 +36/-27 
a Ages calculated from two-point isochrons through the zircon data and 
approximate whole-rock U/Th composition. 
 
 Generally, the dark-colored areas in a zircon CL image indicate a higher U 
concentration.  The second zircon population (see above) has higher U concentrations 
than the main zircon population.  There does not appear to be a significant age difference 
between analyses located on the core verses the rim of a zircon.  Many core analyses are 
slightly older than the analysis from the adjacent rim, however, the majority of analyses 
 105
on the same zircon are within uncertainty of each other (Appendix I).  The mean of the 
two-point isochron ages (Table 9.1) of both zircon populations produces 
indistinguishable average ages, 146 ± 29 ka (Grains 1, 3, 5-7, 9 & 10) and 144 ± 23 ka 
(Grains 2, 4, 8 & 11).  Isochrons through the two zircon populations also produced 
indistinguishable disequilibrium ages, 36
54104  ka (Grains 1, 3, 5-7, 9 & 10) and 
38
58107  ka (Grains 2, 4, 8 & 11).  There does not appear to be an observable age 
difference between the two zircon populations.  An overall, single zircon population is 
supported by the age probability density plot (Figure 9.4), which indicates a single age 
distribution.  
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Figure 9.3.    Th/     Th vs.     U/     Th isochron diagram for zircons from the Gibbon 
River rhyolite GRWY6.  A free-fit York regression line through 19 analyses gives a 
     Th/     U disequilibrium age of 105      ka (1 σ uncertainty; MSWD = 0.73).  The 
analysis above the equiline is spot 16, which included epoxy in the analysis, and is 
excluded from the calculated isochron age.  Uncertainties are 1 σ.  The approximate 
whole-rock U/Th is indicated by ( ).
+36
-27
230 238
230 232 238 232
Figure 9.4. U concentrations vs. two-point isochron ages for individual zircon analy-
ses with a probability density curve (dotted line) overlain.  Analysis 16 is excluded from 
the graph.  Uncertainties are 1 σ.
Figure 9.1. CL images of zircons from GRWY6 analyzed for      Th/     U ages. These 
are representative of the main population: a) Grain 1 (analyses 1, 2, & 3) exhibits mul-
tiple, subtle growth zones; and b) Grain 9 (analyses 16 & 17) exhibits a euhedral, light-
colored CL core that is truncated by the grain edge.  All grains are moderately resorbed.       
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CHAPTER 10 
40AR/39AR GEOCHRONOLOGY 
Crystal Spring Mafic Enclaves 
 Three 200 mg aliquots of basalt from the enclaves of sample CSWY1E were analyzed 
by furnace step-heating.  CSWY1E #1 yielded a total gas age of 2.32 ± 0.11 Ma 
(Appendix J).  The age spectrum (Figure 10.1) begins with negative ages, rising to a 
discordant spectrum with a minimum of 383 ka and maximum of 78.19 Ma.  A plateau 
was calculated, yielding an age of 420.1 ± 53.9 ka (steps 3 to 6, of 8 steps).  The plateau 
contained 50.6% of the 39Ar released from the sample.  An isochron (Figure 10.2) 
calculated from steps 3 to 7 yielded an age of 212.0 ± 4.25 ka (52.5% of 39Ar released, 
MSWD = 1.7).  The 40Ar/36Ar intercept was 299.4 and the analyses clustered near the y-
axis, yielding the sample contained mostly atmospheric argon, causing a poorly 
constrained isochron age.  CSWY1E #2 yielded a total gas age of 547.6 ± 78.7 ka 
(Appendix J).  The age spectrum (Figure 10.3) is similar in shape to CSWY1E #1, with 
negative ages at the beginning and increasing in age to a maximum age of 16.41 Ma.  No 
plateau or isochron was calculated for this analysis.  CSWY1E #3 yielded a total gas age 
of 1.18 ± 0.10 Ma (Appendix J).  The age spectrum (Figure 10.4) rises from negative 
ages at the beginning to a maximum of 9.87 Ma.  No plateau or isochron was calculated 
for this analysis.   
 While, the plateau age from CSWY1E #1 is valid statistically, the 2σ uncertainty the 
plateau age is more than 25% of the calculated age.  The plateau age is highly imprecise, 
making the age unreliable.  Both the poorly constrained isochron and the discordant age 
spectrum of CSWY1E #1 indicate excess Ar in the sample.  The assumption that the 
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sample’s initial 40Ar/36Ar equals the atmospheric 40Ar/36Ar (295.5) is not valid when 
excess argon is present.  This means that the sample contains less 40Ar* (radiogenic 40Ar) 
than calculated, overestimating the 40Ar/39Ar age.  All of the CSWY1E analyses are poor 
and the ages calculated for CSWY1E #1 are unreliable, however, the isochron age of 
CSWY1E #1 provides a maximum age for the CSWY1E enclaves (Table 10.1).   
 
Table 10.1. Ar-Ar Ages Calculated for CSWY1E Basalt Groundmass Analyses  
Analysis No. a Total Gas Age b Plateau Age (ka) b Isochron Age (ka) b
CSWY1E #1 2.32 ± 0.11 Ma 420.1 ± 53.9 212.0 ± 4.25 † 
CSWY1E #2 547.6 ± 78.7 ka none none 
CSWY1E #3 1.18 ± 0.10 Ma none none 
a Analysis data presented in Tables J.1 through J.3, Appendix J.
b Uncertainties reported to 1σ. 
† Maximum age for sample CSWY1E.  
 
Obsidian Cliff Rhyolite 
 Three aliquots of OCWY2 glass were analyzed by furnace step-heating runs and 
individual glass grains were analyzed by laser fusion.  Furnace step-heat OCWY2 #1 
yielded a total gas age of 71.1 ± 5.9 ka (Appendix J).  The age spectrum (Figure 10.5) 
begins with two old ages and then flattens to a plateau consisting of 92.6% of the 39Ar 
released by the sample (steps 3 to 13, of 13 steps).  The plateau age is 59.2 ± 6.0 ka.  Two 
isochron ages were calculated for OCWY2 #1.  The first isochron (Figure 10.6), 
calculated from steps 1 through 9, yielded an age of 56.0 ± 0.7 ka (64.4% of 39Ar 
released, MSWD = 1.0) with a 40Ar/36Ar intercept of 300.4.  The second isochron (Figure 
10.7), calculated from steps 3 though 12, yielded an age of 62.5 ± 1.6 ka (78.7% of 39Ar 
released, MSWD = 1.8) with a 40Ar/36Ar intercept of 284.  Both isochrons had a good 
spread in radiogenic yield to constrain the calculated ages (Figures 10.6 & 10.7).  
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Furnace step-heat OCWY2 #2 yielded a total gas age of 69.9 ± 5.9 ka (Appendix J).  The 
age spectrum (Figure 10.8) begins with an old age, then drops to a slightly discordant 
plateau yielding a plateau age of 58.4 ± 3.0 ka and consisting of 93.1% of the 39Ar 
released (steps 2 to 13, of 13 steps).  No isochron was calculated from the analysis of 
OCWY2 #2.  Analysis OCWY2 #3 yielded a total gas age of 60.6 ± 5.7 ka (Appendix J).  
The age spectrum (Figure 10.9) is slightly U-shaped and yields a plateau age of 59.9 ± 
3.0 ka (96.4% of the 39Ar released; steps 1 to 12, of 13 steps).  No isochron was 
calculated from the analysis of OCWY2 #3.  All three OCWY2 furnace step-heat plateau 
ages overlap at ± 2σ uncertainty and a weighted mean age of 59.2 ± 2.0 ka was calculated 
for OCWY2.   
 Obsidian grains from sample OCWY2 were analyzed by single crystal laser fusion 
(analysis OCWY2 #4).  The 36Ar blank measurement was ~50% of the total measured 
36Ar and the 40Ar blank measurement was ~20% of the total measured 40Ar.  Since the 
blank corrections were so high compared to the Ar measured from each grain, only 5 
obsidian fragments were analyzed.  The five samples yielded a mean age of 71.6 ± 20.8 
ka (Appendix J).  No isochrons were calculated from the analyses.   
 The first isochron for analysis OCWY2 #1 gives the youngest age of all the OCWY2 
#1 40Ar/39Ar ages.  However, this isochron contains the first two furnace step-heat steps 
of the glass analysis.  These two steps are very low in neutron induced 39ArK and it is 
likely that these steps represent 39Ar recoil during irradiation, giving anomalously high 
40Ar/39Ar calculated ages (Morgan et al., 2007) (Figure 10.5).  This reduces confidence in 
the first OCWY2 #1 isochron age.  However, the second isochron age overlaps with the 
OCWY2 #1 plateau age at ± 2σ uncertainty, further validating these two ages.  Thus the 
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preferred age for OCWY2 #1 is the second isochron age of 62.5 ± 1.6 ka (Table 10.2).  
The preferred age of OCWY2 #2 is the plateau age of 58.4 ± 3.0 ka (Table 10.2).  The 
preferred age for OCWY2 #3 is the plateau age of 59.9 ± 3.0 ka (Table 10.2).  Since all 
three OCWY2 furnace step-heat analyses produced excellent plateau ages and the 
preferred age for OCWY2 #1, the second isochron age, agrees within uncertainty of 
OCWY2 #1’s plateau age, the preferred age for all the analyses of OCWY2 is 59.2 ± 2.0 
ka, the weighted mean age of the three plateau ages (Table 10.2).   
 In the single grain laser fusion analyses of glass fragments from sample OCWY2, the 
low inferred 36Ar/40Ar from the five analyses suggests incomplete degassing during 
fusion.  Since the mean age of the analyses is greater than the furnace step-heat plateau 
ages, 39Ar recoil and loss is likely to have occurred during irradiation causing 
anomalously old 40Ar/39Ar dates (Morgan et al., 2007).  Also, the high blank to total 
measured Ar ratio suggests these analyses are poorly constrained.  These analyses were 
considered unreliable and were disregarded with respect to any age interpretations.   
 
Table 10.2. Ar-Ar Ages Calculated for OCWY2 Volcanic Glass Analyses  
Analysis No. a Total Gas Age (ka) b Plateau Age (ka) b Isochron Age (ka) b
OCWY2 #1 71.1 ± 5.9 59.2 ± 6.0 56.0 ± 0.7 & 62.5 ± 1.6 † 
OCWY2 #2 69.9 ± 5.9 58.4 ± 3.0 † none 
OCWY2 #3 60.6 ± 5.7 59.9 ± 3.0 † none 
OCWY2 #4 71.6 ± 20.8 c - none 
Weighted Mean Age (Plateau Ages) = 59.2 ± 2.0* - 
a Analysis data presented in Tables J.4 through J.7, Appendix J. 
b Uncertainties reported to 1σ.  
c Mean age of single laser fusion analyses.  
† Preferred age for individual analyses.  
*Preferred age for sample OCWY2.  
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Gibbon River Rhyolites 
 Three aliquots of GRWY6 sanidines were analyzed by furnace step-heat runs and two 
different sizes of sanidine grains were analyzed by single crystal laser fusion.  Furnace 
step-heat GRWY6 #1 yielded a total gas age of 79.4 ± 6.6 ka (Appendix J).  The age 
spectrum GRWY6 #1 (Figure 10.10) begins with old ages, then drops to a slightly 
discordant plateau.  The plateau age was calculated at 78.0 ± 3.5 ka (steps 4 to 12, of 13 
steps) and contains 93.9% of the 39Ar released.  No isochron was calculated for analyses 
GRWY6 #1.  Furnace step-heat GRWY6 #2 yielded a total gas age of 114.1 ± 6.2 ka 
(Appendix J).  The age spectrum (Figure 10.11) starts with old ages, then quickly drops 
to younger ages that progressively increase to 233 ka.  Finally, the spectrum drops to a 
pseudo-plateau which continues the lowering age trend (Figure 10.11).  A pseudo-plateau 
was calculated from the last three steps of the age spectrum, yielding an age of 71.7 ± 5.8 
ka (45.3% of the 39Ar released; steps 11 through 13, of 13 steps).  No isochron ages were 
calculated for GRWY2 #2.  Furnace step-heat GRWY6 #3 yielded a total gas age of 85.2 
± 6.0 ka (Appendix J).  The age spectrum (Figure 10.12) alternated between old and 
young ages at the beginning and then stabilizes to a slightly hump-shaped plateau.  The 
plateau age is 82.4 ± 7.6 ka and contains 82.6% of the 39Ar released (steps 6 through 12, 
of 13 steps).  No isochron was calculated from GRWY6 #3.   
 The first set of single crystal laser fusions were preformed on a 850 µm sanidine size 
fraction from GRWY6 (GRWY6 #4).  12 crystals were fused (Appendix J).  A single 
xenocryst (crystal 11) was analyzed in the data set, yielding an age of 6.15 ± 0.12 Ma 
(Appendix J).  The mean age of all analyzed crystals, excluding the obvious xenocryst 
(crystal 11), is 95.4 ± 36.9 ka (MSWD = 11; Appendix J).  Outliers of the analyzed 
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population were determined by iteratively calculating the mean age and standard 
deviation of the population and removing analyses with ages outside 2σ of the mean age.  
Once an analysis was determined to be an outlier, it was removed from the population, 
and the mean age and standard deviation was recalculated until all analyses in the 
population were within 2σ of the calculated mean age.  Using this method, crystals 1, 6, 
and 11 were rejected as being outliers to the data set.  The weighted mean age (Figure 
10.13) of the remaining crystals (crystals 2-5, 7-10 & 12) is 80.2 ± 3.7 ka (MSWD = 2.0; 
Appendix J).  An isochron (Figure 10.14) yielded an age of 52 ± 8.5 ka from 7 crystals 
(crystals 2-5, 7-8 & 10, MSWD = 1.9) and had a 40Ar/36Ar intercept of 323 ± 11.  
  The second set of single crystal laser fusions was preformed on a 1400 µm sanidine 
size fraction (GRWY6 #5).  23 crystals were fused and the mean age of all analyzed 
crystals is 147.6 ± 50.5 ka (MSWD = 24; Appendix J).  Following the method described 
above, no analyses were determined to be outliers of this population.  A cumulative 
probability plot (Figure 10.15) of the analyses formed three peaks: 80.4 ± 4.6 ka (crystals 
14, 16, 20 & 22-23; MSWD = 0.87), 144.4 ± 2.9 ka (crystals 1-2, 5-6, 8-11, 13, 15, 18-19 
& 21; MSWD = 3.7), and 221.0 ± 4.6 ka (crystals 3-4, 7, 12 & 17; MSWD = 2.4) from 
left to right.   
 It was noticed that the average ages from the beginning of the 1400 µm sanidine 
analyses to the end decrease (crystals 1-7: 179.3 ± 38.5 ka, crystals 8-15: 151.5 ± 44.2 ka, 
crystals 16-23: 115.9 ± 51.2 ka).  This trend could be caused by incomplete fusion and 
degassing of the earliest analyses and then, improvement in complete crystal fusion 
overtime, resulting in anomalously old ages due to incomplete degassing of the crystal.  
However, volcanic sanidines have a homogeneous internal 40Ar and, using the 40Ar/39Ar 
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geochronologic method, the diffusion and release of Ar from a mineral will be the same 
for all Ar isotopes (Hall and Farrell, 1995).  Therefore, incomplete fusion of the sanidine 
crystals should produce the same age as complete fusion.  It appears that this decrease in 
the average age of the analyses over time is coincidental.  
 Both populations of sanidine single crystal laser fusion analyses produced trimodal 
age probability plots (Figures 10.13 & 10.15).  The weighted mean ages of the youngest 
population of each sanidine analysis overlap within 1σ.  Along with the 6.15 Ma 
xenocryst, the analyses of GRWY6 #4 also contained two crystals with ages older than 
the main sanidine population (Appendix J).  These two analyses, crystals 1 and 6, fall 
with the ages of the middle sanidine population of the GRWY6 #5 analyses (weighted 
mean age = 144.4 ± 2.9 ka).  Finally, GRWY6 #5 has an older sanidine population 
unrepresented in GRWY6 #4 analyses.  Given the presence of xenocrystic sanidines 
within sample GRWY6, it is likely that the two older sanidine populations represent 
partially reset sanidine xenocrysts.   
 For GRWY6 #1, the preferred age is the plateau age of 78.0 ± 3.5 ka (Table 10.3).  
While GRWY6 #2’s pseudo-plateau does not contain 50% of the 39Ar released, it is 
probably the most reliable age.  During a step-heat run, the higher temperatures release 
gas from the center of the grain, the region of the grain most likely to be protected from 
Ar contamination and loss.  The steps that make up the pseudo-plateau are the three 
highest temperature steps of analysis GRWY6 #2 (Figure 10.11).  The preferred age for 
GRWY6 #2 is the pseudo-plateau age of 71.7 ± 5.8 ka (Table 10.3).  The plateau age of 
82.4 ± 7.6 ka is the preferred age for GRWY6 #3 (Table 10.3).  The preferred age for 
GRWY6 #4 is the isochron age of 52 ± 8.5 ka (Table 10.3).  Both GRWY6 #4 and 
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GRWY6 #5 likely contain partially reset xenocrysts (along with the obvious 6.15 Ma 
xenocryst of GRWY6 #4) within their populations.  So, the preferred age for GRWY6 #5 
is the youngest population age of 80.4 ± 4.6 ka (Table 10.3).  The preferred age for the 
GRWY6 analyses is the GRWY6 #4 isochron age of 52 ± 8.5 ka (Table 10.3).   
 
Table 10.3. Ar-Ar Ages Calculated for GRWY6 Sanidine Analyses  
Analysis No. a Total Gas Age (ka) b Plateau Age (ka) b Isochron Age (ka) b
GRWY6 #1 79.4 ± 6.6 78.0 ± 3.5 † none 
GRWY6 #2 114.1 ± 6.2 71.7 ± 5.8 † none 
GRWY6 #3 85.2 ± 6.0 82.4 ± 7.6 † none 
 
GRWY6 #4 95.4 ± 36.9 c - 52 ± 8.5 †* 
Weighted Mean Age = 80.2 ± 3.7 - 
 
GRWY6 #5 147.6 ± 50.5 c - none 
Weighted Mean Age (Population 1) = 80.4 ± 4.6 † - 
Weighted Mean Age (Population 2) = 144.4 ± 2.9 - 
Weighted Mean Age (Population 3) = 221.0 ± 4.6 - 
a Analysis data presented in Tables J.8 through J.12, Appendix J.  
b Uncertainties reported to 1σ.  
c Mean age of single laser fusion analyses.  
† Preferred age for individual analyses.  
*Preferred age for sample GRWY6.  
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Figure 10.13.   Cumulative age probability plot of sanidine crystals 1 through 12 (except 
xenocryst 11), thin line, and of the crystals used for the weighted mean age (crystals 2-5, 
7-10, & 12), bold line.
Figure 10.15.   Cumulative age probability plot of all 23 sanidine crystals of GRWY6 
#5, thin line, and of the 5 sanidine crystals that make up the first peak (crystals 14, 16, 
20, 22 & 23), bold line.
Figure 10.1. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #1, basalt ground-
mass. Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error 
boxes are shown at 1σ.
40 39
Figure 10.2.   Ar/  Ar inverse isochron for CSWY1E #1, basalt groundmass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.3. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #2, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
Figure 10.5. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #1, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.6.     Ar/  Ar inverse isochron #1 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
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Figure 10.7.   Ar/  Ar inverse isochron #2 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.8.   Furnace step-heat    Ar/  Ar age spectrum for OCWY2 #2, volcanic glass.  
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.9. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #3, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.10. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #1, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.11.   Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #2, sanidine. Bold 
lines mark steps included in pseudo-plateau age. Errors are reported at 1σ. Error boxes 
are shown at 1σ.
40 39
Figure 10.12. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #3, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.14.   Ar/  Ar inverse isochron for 7 sanidine crystals of GRWY6 #4.  Errors 
are reported at 1σ.  Error ellipses are shown at 2σ.  Atmospheric argon composition 
would be located at 0.00338 on the y-axis.
40 39
Figure 10.4.   Furnace step-heat   Ar/  Ar age spectrum for CSWY1E #3, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
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Figure 10.13.   Cumulative age probability plot of sanidine crystals 1 through 12 (except 
xenocryst 11), thin line, and of the crystals used for the weighted mean age (crystals 2-5, 
7-10, & 12), bold line.
Figure 10.15.   Cumulative age probability plot of all 23 sanidine crystals of GRWY6 
#5, thin line, and of the 5 sanidine crystals that make up the first peak (crystals 14, 16, 
20, 22 & 23), bold line.
Figure 10.1. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #1, basalt ground-
mass. Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error 
boxes are shown at 1σ.
40 39
Figure 10.2.   Ar/  Ar inverse isochron for CSWY1E #1, basalt groundmass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.3. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #2, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
Figure 10.5. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #1, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.6.     Ar/  Ar inverse isochron #1 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.7.   Ar/  Ar inverse isochron #2 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.8.   Furnace step-heat    Ar/  Ar age spectrum for OCWY2 #2, volcanic glass.  
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.9. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #3, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.10. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #1, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.11.   Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #2, sanidine. Bold 
lines mark steps included in pseudo-plateau age. Errors are reported at 1σ. Error boxes 
are shown at 1σ.
40 39
Figure 10.12. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #3, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.14.   Ar/  Ar inverse isochron for 7 sanidine crystals of GRWY6 #4.  Errors 
are reported at 1σ.  Error ellipses are shown at 2σ.  Atmospheric argon composition 
would be located at 0.00338 on the y-axis.
40 39
Figure 10.4.   Furnace step-heat   Ar/  Ar age spectrum for CSWY1E #3, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
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Figure 10.13.   Cumulative age probability plot of sanidine crystals 1 through 12 (except 
xenocryst 11), thin line, and of the crystals used for the weighted mean age (crystals 2-5, 
7-10, & 12), bold line.
Figure 10.15.   Cumulative age probability plot of all 23 sanidine crystals of GRWY6 
#5, thin line, and of the 5 sanidine crystals that make up the first peak (crystals 14, 16, 
20, 22 & 23), bold line.
Figure 10.1. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #1, basalt ground-
mass. Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error 
boxes are shown at 1σ.
40 39
Figure 10.2.   Ar/  Ar inverse isochron for CSWY1E #1, basalt groundmass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.3. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #2, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
Figure 10.5. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #1, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.6.     Ar/  Ar inverse isochron #1 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.7.   Ar/  Ar inverse isochron #2 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.8.   Furnace step-heat    Ar/  Ar age spectrum for OCWY2 #2, volcanic glass.  
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.9. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #3, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.10. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #1, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.11.   Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #2, sanidine. Bold 
lines mark steps included in pseudo-plateau age. Errors are reported at 1σ. Error boxes 
are shown at 1σ.
40 39
Figure 10.12. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #3, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.14.   Ar/  Ar inverse isochron for 7 sanidine crystals of GRWY6 #4.  Errors 
are reported at 1σ.  Error ellipses are shown at 2σ.  Atmospheric argon composition 
would be located at 0.00338 on the y-axis.
40 39
Figure 10.4.   Furnace step-heat   Ar/  Ar age spectrum for CSWY1E #3, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
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Figure 10.13.   Cumulative age probability plot of sanidine crystals 1 through 12 (except 
xenocryst 11), thin line, and of the crystals used for the weighted mean age (crystals 2-5, 
7-10, & 12), bold line.
Figure 10.15.   Cumulative age probability plot of all 23 sanidine crystals of GRWY6 
#5, thin line, and of the 5 sanidine crystals that make up the first peak (crystals 14, 16, 
20, 22 & 23), bold line.
Figure 10.1. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #1, basalt ground-
mass. Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error 
boxes are shown at 1σ.
40 39
Figure 10.2.   Ar/  Ar inverse isochron for CSWY1E #1, basalt groundmass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.3. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #2, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
Figure 10.5. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #1, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.6.     Ar/  Ar inverse isochron #1 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.7.   Ar/  Ar inverse isochron #2 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.8.   Furnace step-heat    Ar/  Ar age spectrum for OCWY2 #2, volcanic glass.  
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.9. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #3, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.10. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #1, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.11.   Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #2, sanidine. Bold 
lines mark steps included in pseudo-plateau age. Errors are reported at 1σ. Error boxes 
are shown at 1σ.
40 39
Figure 10.12. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #3, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.14.   Ar/  Ar inverse isochron for 7 sanidine crystals of GRWY6 #4.  Errors 
are reported at 1σ.  Error ellipses are shown at 2σ.  Atmospheric argon composition 
would be located at 0.00338 on the y-axis.
40 39
Figure 10.4.   Furnace step-heat   Ar/  Ar age spectrum for CSWY1E #3, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
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Figure 10.13.   Cumulative age probability plot of sanidine crystals 1 through 12 (except 
xenocryst 11), thin line, and of the crystals used for the weighted mean age (crystals 2-5, 
7-10, & 12), bold line.
Figure 10.15.   Cumulative age probability plot of all 23 sanidine crystals of GRWY6 
#5, thin line, and of the 5 sanidine crystals that make up the first peak (crystals 14, 16, 
20, 22 & 23), bold line.
Figure 10.1. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #1, basalt ground-
mass. Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error 
boxes are shown at 1σ.
40 39
Figure 10.2.   Ar/  Ar inverse isochron for CSWY1E #1, basalt groundmass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.3. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #2, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
Figure 10.5. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #1, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.6.     Ar/  Ar inverse isochron #1 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.7.   Ar/  Ar inverse isochron #2 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.8.   Furnace step-heat    Ar/  Ar age spectrum for OCWY2 #2, volcanic glass.  
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.9. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #3, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.10. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #1, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.11.   Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #2, sanidine. Bold 
lines mark steps included in pseudo-plateau age. Errors are reported at 1σ. Error boxes 
are shown at 1σ.
40 39
Figure 10.12. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #3, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.14.   Ar/  Ar inverse isochron for 7 sanidine crystals of GRWY6 #4.  Errors 
are reported at 1σ.  Error ellipses are shown at 2σ.  Atmospheric argon composition 
would be located at 0.00338 on the y-axis.
40 39
Figure 10.4.   Furnace step-heat   Ar/  Ar age spectrum for CSWY1E #3, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
117
118
119
120
121
122
123
124
20 60 100 140 180 220 260 300
Sanidine #5 (GRWY6)
Wtd Mean Age = 80.4 ± 4.6 ka
MSWD = 0.87
Wtd Mean Age = 144.4 ± 2.9 ka
MSWD = 3.7
Weighted Mean
Age = 221.0 ± 4.6 ka
MSWD = 2.4
Cu
m
ul
at
iv
e 
pr
ob
ab
ili
ty
Age (ka)
0.0000
0.0004
0.0008
0.0012
0.0016
0.0020
0.0024
0.0028
0.0032
0 1 2 3 4 5 6 7 8 9
Sanidine #4 (GRWY6)
39 40
36
40
A
r/
  
A
r
Ar/  Ar
Isochron Age = 52 ± 8.5 ka
40/36 = 323 ± 11
MSWD = 1.9
n = 7
20 60 100 140 180 220 260
Sanidine #4 (GRWY6)
Weighted Mean Age = 80.2 ± 7.4 ka
9 Crystals out of 12 Crystals
MSWD = 2.0
6.15 ± 0.12 Ma xenocryst
Cu
m
ul
at
iv
e 
pr
ob
ab
ili
ty
Age (ka)
Sanidine #3 (GRWY6)
Plateau Age = 82.4 ± 7.7 ka
82.8% of the   Ar Released
Steps 6 through 12 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
0
50
100
150
200
250
300
0 20 40 60 80 100
plateau
0
50
100
150
200
250
300
350
400
0 20 40 60 80 100
Sanidine #2 (GRWY6)
Pseudo-Plateau Age = 71.7 ± 5.8 ka
45.3% of the   Ar Released
Steps 11 through 13 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
pseudo-plateau
0
40
80
120
160
200
240
280
0 20 40 60 80 100
Sanidine #1 (GRWY6)
Plateau Age = 78.0 ± 3.5 ka
93.9% of the   Ar Released
Steps 4 through 12 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
plateau
0
20
40
60
80
100
120
140
0 20 40 60 80 100
Volcanic Glass #3 (OCWY2)
Plateau Age = 59.9 ± 3.0 ka
96.4% of the   Ar Released
Steps 1 through 12 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
plateau
0
40
80
120
160
200
240
0 20 40 60 80 100
Volcanic Glass #2 (OCWY2)
Plateau Age = 58.4 ± 3.0 ka
93.1% of the   Ar Released
Steps 2 through 13 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
plateau
0.0000
0.0004
0.0008
0.0012
0.0016
0.0020
0.0024
0.0028
0.0032
0.0036
0 1 2 3 4 5 6 7
                                           
Volcanic Glass #1 (OCWY2)
39 40
36
40
A
r/
  
A
r
Ar/  Ar
Isochron Age = 62.5 ± 1.6 ka
40/36 = 284 ± 6
MSWD = 1.8
Steps 3 through 12 of 13 Steps
78.7% of the   Ar Released39
0.0000
0.0004
0.0008
0.0012
0.0016
0.0020
0.0024
0.0028
0.0032
0 1 2 3 4 5 6 7 8
Volcanic Glass #1 (OCWY2)
39 40
36
40
A
r/
  
A
r
Ar/  Ar
Isochron Age = 56.0 ± 0.7 ka
40/36 = 300.4 ± 0.5
MSWD = 1.00
Steps 1 through 9 of 13 Steps
64.4% of the   Ar Released39
0
40
80
120
160
200
240
280
0 20 40 60 80 100
Volcanic Glass #1 (OCWY2)
Plateau Age = 59.2 ± 6.0 ka
92.6% of the   Ar Released
Steps 3 through 13 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
plateau
0
500
1000
1500
2000
2500
3000
0 20 40 60 80 100
Basalt Groundmass #3 (CSWY1E)
to 
-334 ± -150 ka
(step 1)
to 
9.87 ± 0.44 Ma
(step 9)
A
ge
 (
ka
)
%  Ar Released39
0
250
500
750
1000
1250
1500
1750
2000
0 20 40 60 80 100
Basalt Groundmass #2 (CSWY1E)
39
to 16.41 ± 4.64 Ma
(step 10)
A
ge
 (
ka
)
%  Ar Released
0.0000
0.0004
0.0008
0.0012
0.0016
0.0020
0.0024
0.0028
0.0032
0.0036
0.0 0.4 0.8 1.2 1.6 2.0 2.4
Basalt Groundmass #1 (CSWY1E)
39 40
36
40
A
r/
  
A
r
Ar/  Ar
Isochron Age = 212.0 ± 4.25 ka
40/36 = 299.4 ± 0.6
MSWD = 1.7
Steps 3 through 7 of 8 Steps
52.5% of the   Ar Released39
0
200
400
600
800
1000
1200
1400
1600
1800
2000
0 20 40 60 80 100
Basalt Groundmass #1 (CSWY1E)
Plateau Age = 420.1 ± 53.9 ka
50.6% of the   Ar Released
Steps 3 through 6 out of 8
39
39
to 78.19 ± 2.10 Ma
(step 8)
to -6.09 ± -0.55 Ma
(step 1)
A
ge
 (
ka
)
%  Ar Released
plateau
Figure 10.13.   Cumulative age probability plot of sanidine crystals 1 through 12 (except 
xenocryst 11), thin line, and of the crystals used for the weighted mean age (crystals 2-5, 
7-10, & 12), bold line.
Figure 10.15.   Cumulative age probability plot of all 23 sanidine crystals of GRWY6 
#5, thin line, and of the 5 sanidine crystals that make up the first peak (crystals 14, 16, 
20, 22 & 23), bold line.
Figure 10.1. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #1, basalt ground-
mass. Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error 
boxes are shown at 1σ.
40 39
Figure 10.2.   Ar/  Ar inverse isochron for CSWY1E #1, basalt groundmass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.3. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #2, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
Figure 10.5. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #1, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.6.     Ar/  Ar inverse isochron #1 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.7.   Ar/  Ar inverse isochron #2 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.8.   Furnace step-heat    Ar/  Ar age spectrum for OCWY2 #2, volcanic glass.  
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.9. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #3, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.10. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #1, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.11.   Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #2, sanidine. Bold 
lines mark steps included in pseudo-plateau age. Errors are reported at 1σ. Error boxes 
are shown at 1σ.
40 39
Figure 10.12. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #3, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.14.   Ar/  Ar inverse isochron for 7 sanidine crystals of GRWY6 #4.  Errors 
are reported at 1σ.  Error ellipses are shown at 2σ.  Atmospheric argon composition 
would be located at 0.00338 on the y-axis.
40 39
Figure 10.4.   Furnace step-heat   Ar/  Ar age spectrum for CSWY1E #3, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
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Figure 10.13.   Cumulative age probability plot of sanidine crystals 1 through 12 (except 
xenocryst 11), thin line, and of the crystals used for the weighted mean age (crystals 2-5, 
7-10, & 12), bold line.
Figure 10.15.   Cumulative age probability plot of all 23 sanidine crystals of GRWY6 
#5, thin line, and of the 5 sanidine crystals that make up the first peak (crystals 14, 16, 
20, 22 & 23), bold line.
Figure 10.1. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #1, basalt ground-
mass. Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error 
boxes are shown at 1σ.
40 39
Figure 10.2.   Ar/  Ar inverse isochron for CSWY1E #1, basalt groundmass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.3. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #2, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
Figure 10.5. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #1, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.6.     Ar/  Ar inverse isochron #1 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.7.   Ar/  Ar inverse isochron #2 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.8.   Furnace step-heat    Ar/  Ar age spectrum for OCWY2 #2, volcanic glass.  
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.9. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #3, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.10. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #1, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.11.   Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #2, sanidine. Bold 
lines mark steps included in pseudo-plateau age. Errors are reported at 1σ. Error boxes 
are shown at 1σ.
40 39
Figure 10.12. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #3, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.14.   Ar/  Ar inverse isochron for 7 sanidine crystals of GRWY6 #4.  Errors 
are reported at 1σ.  Error ellipses are shown at 2σ.  Atmospheric argon composition 
would be located at 0.00338 on the y-axis.
40 39
Figure 10.4.   Furnace step-heat   Ar/  Ar age spectrum for CSWY1E #3, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
117
118
119
120
121
122
123
124
20 60 100 140 180 220 260 300
Sanidine #5 (GRWY6)
Wtd Mean Age = 80.4 ± 4.6 ka
MSWD = 0.87
Wtd Mean Age = 144.4 ± 2.9 ka
MSWD = 3.7
Weighted Mean
Age = 221.0 ± 4.6 ka
MSWD = 2.4
Cu
m
ul
at
iv
e 
pr
ob
ab
ili
ty
Age (ka)
0.0000
0.0004
0.0008
0.0012
0.0016
0.0020
0.0024
0.0028
0.0032
0 1 2 3 4 5 6 7 8 9
Sanidine #4 (GRWY6)
39 40
36
40
A
r/
  
A
r
Ar/  Ar
Isochron Age = 52 ± 8.5 ka
40/36 = 323 ± 11
MSWD = 1.9
n = 7
20 60 100 140 180 220 260
Sanidine #4 (GRWY6)
Weighted Mean Age = 80.2 ± 7.4 ka
9 Crystals out of 12 Crystals
MSWD = 2.0
6.15 ± 0.12 Ma xenocryst
Cu
m
ul
at
iv
e 
pr
ob
ab
ili
ty
Age (ka)
Sanidine #3 (GRWY6)
Plateau Age = 82.4 ± 7.7 ka
82.8% of the   Ar Released
Steps 6 through 12 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
0
50
100
150
200
250
300
0 20 40 60 80 100
plateau
0
50
100
150
200
250
300
350
400
0 20 40 60 80 100
Sanidine #2 (GRWY6)
Pseudo-Plateau Age = 71.7 ± 5.8 ka
45.3% of the   Ar Released
Steps 11 through 13 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
pseudo-plateau
0
40
80
120
160
200
240
280
0 20 40 60 80 100
Sanidine #1 (GRWY6)
Plateau Age = 78.0 ± 3.5 ka
93.9% of the   Ar Released
Steps 4 through 12 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
plateau
0
20
40
60
80
100
120
140
0 20 40 60 80 100
Volcanic Glass #3 (OCWY2)
Plateau Age = 59.9 ± 3.0 ka
96.4% of the   Ar Released
Steps 1 through 12 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
plateau
0
40
80
120
160
200
240
0 20 40 60 80 100
Volcanic Glass #2 (OCWY2)
Plateau Age = 58.4 ± 3.0 ka
93.1% of the   Ar Released
Steps 2 through 13 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
plateau
0.0000
0.0004
0.0008
0.0012
0.0016
0.0020
0.0024
0.0028
0.0032
0.0036
0 1 2 3 4 5 6 7
                                           
Volcanic Glass #1 (OCWY2)
39 40
36
40
A
r/
  
A
r
Ar/  Ar
Isochron Age = 62.5 ± 1.6 ka
40/36 = 284 ± 6
MSWD = 1.8
Steps 3 through 12 of 13 Steps
78.7% of the   Ar Released39
0.0000
0.0004
0.0008
0.0012
0.0016
0.0020
0.0024
0.0028
0.0032
0 1 2 3 4 5 6 7 8
Volcanic Glass #1 (OCWY2)
39 40
36
40
A
r/
  
A
r
Ar/  Ar
Isochron Age = 56.0 ± 0.7 ka
40/36 = 300.4 ± 0.5
MSWD = 1.00
Steps 1 through 9 of 13 Steps
64.4% of the   Ar Released39
0
40
80
120
160
200
240
280
0 20 40 60 80 100
Volcanic Glass #1 (OCWY2)
Plateau Age = 59.2 ± 6.0 ka
92.6% of the   Ar Released
Steps 3 through 13 out of 13
39
39
A
ge
 (
ka
)
%  Ar Released
plateau
0
500
1000
1500
2000
2500
3000
0 20 40 60 80 100
Basalt Groundmass #3 (CSWY1E)
to 
-334 ± -150 ka
(step 1)
to 
9.87 ± 0.44 Ma
(step 9)
A
ge
 (
ka
)
%  Ar Released39
0
250
500
750
1000
1250
1500
1750
2000
0 20 40 60 80 100
Basalt Groundmass #2 (CSWY1E)
39
to 16.41 ± 4.64 Ma
(step 10)
A
ge
 (
ka
)
%  Ar Released
0.0000
0.0004
0.0008
0.0012
0.0016
0.0020
0.0024
0.0028
0.0032
0.0036
0.0 0.4 0.8 1.2 1.6 2.0 2.4
Basalt Groundmass #1 (CSWY1E)
39 40
36
40
A
r/
  
A
r
Ar/  Ar
Isochron Age = 212.0 ± 4.25 ka
40/36 = 299.4 ± 0.6
MSWD = 1.7
Steps 3 through 7 of 8 Steps
52.5% of the   Ar Released39
0
200
400
600
800
1000
1200
1400
1600
1800
2000
0 20 40 60 80 100
Basalt Groundmass #1 (CSWY1E)
Plateau Age = 420.1 ± 53.9 ka
50.6% of the   Ar Released
Steps 3 through 6 out of 8
39
39
to 78.19 ± 2.10 Ma
(step 8)
to -6.09 ± -0.55 Ma
(step 1)
A
ge
 (
ka
)
%  Ar Released
plateau
Figure 10.13.   Cumulative age probability plot of sanidine crystals 1 through 12 (except 
xenocryst 11), thin line, and of the crystals used for the weighted mean age (crystals 2-5, 
7-10, & 12), bold line.
Figure 10.15.   Cumulative age probability plot of all 23 sanidine crystals of GRWY6 
#5, thin line, and of the 5 sanidine crystals that make up the first peak (crystals 14, 16, 
20, 22 & 23), bold line.
Figure 10.1. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #1, basalt ground-
mass. Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error 
boxes are shown at 1σ.
40 39
Figure 10.2.   Ar/  Ar inverse isochron for CSWY1E #1, basalt groundmass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.3. Furnace step-heat    Ar/  Ar age spectrum for CSWY1E #2, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
Figure 10.5. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #1, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.6.     Ar/  Ar inverse isochron #1 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.7.   Ar/  Ar inverse isochron #2 for OCWY2 #1, volcanic glass.  Errors are 
reported at 1σ.  Error ellipses are shown at 2σ.  Arrow on the y-axis indicates location of 
atmospheric argon composition.
40 39
Figure 10.8.   Furnace step-heat    Ar/  Ar age spectrum for OCWY2 #2, volcanic glass.  
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.9. Furnace step-heat   Ar/  Ar age spectrum for OCWY2 #3, volcanic glass. 
Bold lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are 
shown at 1σ.
40 39
Figure 10.10. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #1, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.11.   Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #2, sanidine. Bold 
lines mark steps included in pseudo-plateau age. Errors are reported at 1σ. Error boxes 
are shown at 1σ.
40 39
Figure 10.12. Furnace step-heat   Ar/  Ar age spectrum for GRWY6 #3, sanidine. Bold 
lines mark steps included in plateau age. Errors are reported at 1σ. Error boxes are shown 
at 1σ.
40 39
Figure 10.14.   Ar/  Ar inverse isochron for 7 sanidine crystals of GRWY6 #4.  Errors 
are reported at 1σ.  Error ellipses are shown at 2σ.  Atmospheric argon composition 
would be located at 0.00338 on the y-axis.
40 39
Figure 10.4.   Furnace step-heat   Ar/  Ar age spectrum for CSWY1E #3, basalt ground-
mass. Errors are reported at 1σ. Error boxes are shown at 1σ.
40 39
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CHAPTER 11 
DISCUSSION 
40Ar/39Ar Geochronology 
Crystal Spring Flow  
 The 40Ar/39Ar ages calculated from three analyses of basalt from mafic enclaves 
within the Crystal Spring mingled lavas are all anomalously old (Chapter 10; Appendix 
J).  These ages are probably a result of excess argon trapped within the enclaves, which 
probably partly crystallized at depth upon interaction with the cooler silicic magma prior 
to eruption of the mingled lava.  This excess Ar is likely the initial Ar composition of the 
magmatic (i.e. mantle) source of the basaltic magma (Funkhouser et al., 1968).  It 
indicates the basaltic enclaves did not have time for their argon isotopes to equilibrate 
with the surrounding silicic magma, which as a crustal magma should reflect atmospheric 
argon compositions.  Excess Ar within basaltic magmas is not uncommon (McDougall 
and Harrison, 1999), and inverse isochrons calculated for these analyses would provide 
both accurate 40Ar/39Ar ages and the initial Ar composition (McDougall and Harrison, 
1999).  The only isochron for the Crystal Spring mingled lavas was from analysis 
CSWY1E #1, which yielded an age of 212.0 ± 4.25 ka (Figure 10.2).  However, the four 
steps that form this isochron cluster near the 36Ar/40Ar axis (Figure 10.2) and the isochron 
is poorly constrained, and is thus considered unreliable (Chapter 10).  No useful ages 
were obtained from the 40Ar/39Ar analyses of the Crystal Spring mafic enclaves.   
 The Crystal Spring and the Obsidian Cliff flows are separated by a wash less than a 
kilometer wide (Figure 4.1).  Both flows are oriented along the dominant strike (north-
south) of the East Gallatin-Washburn Fault Zone (Christiansen et al., 2007).  Based on 
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this geographical and structural link, and the geochemical relationship (discussed below) 
between the Crystal Spring mingled lavas and the Obsidian Cliff flow (Figure 11.1), both 
flows are considered to have erupted within a brief time interval.  The 40Ar/39Ar eruption 
age of the Obsidian Cliff flow would thus be the most likely eruption age of the Crystal 
Spring mingled lavas.  
Obsidian Cliff Flow  
 Three 40Ar/39Ar step-heating analyses and a set of laser fusion analyses of glass 
fragments from the Obsidian Cliff flow (Chapter 10; Appendix J) produced plateau ages, 
inverse isochron ages, and a mean age all within uncertainty of each other (Figures 10.5 
to 10.9).  However, several of the individual step analyses that form the first inverse 
isochron have low gas yields and give unreliable ages (Chapter 10).  The second isochron 
age is an acceptable eruption age, however, it is the older end of the age range of the 
plateau ages, isochron ages, and mean age (Figure 10.7; Chapter 10).  Additionally, 
although the first isochron suggests some excess argon in the Obsidian Cliff samples 
(Figure 10.6), the second isochron yields a 40Ar/36Ar ratio that is indistinguishable (within 
2σ uncertainty) from the atmospheric argon ratio (Figure 10.7).  These observations 
suggest excess argon is not present and lends support to the reliability of the three plateau 
ages.  Finally, the three separate step-heating analyses yield tightly clustered plateau ages 
(Figures 10.5, 10.8 & 10.9).  Thus, the preferred age for the eruption of the Obsidian Cliff 
rhyolites is 59.1 ± 2.0 ka, the weighted mean age of the three step-heating plateau ages 
(Chapter 10). 
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Gibbon River Flow  
 Three 40Ar/39Ar step-heating and two sets of single-grain laser fusion analyses of 
sanidine from sample GRWY6 of the Gibbon River rhyolites (Chapter 10; Appendix J) 
produced ages ranging from 82 ka to 52 ka (Figures 10.10 to 10.15).  The plateau ages 
and pseudo-plateau age calculated from the three step-heating analyses all overlap within 
uncertainty (Figures 10.10, 10.11 & 10.12).  The two youngest weighted mean ages also 
overlap within uncertainty of the plateau ages (Figures 10.13 & 10.15; Chapter 10).  
However, a well-constrained inverse isochron indicates there is some excess Ar within 
sample GRWY6 (40Ar/36Ar > 295.5, Figure 10.14).  This suggests that the plateau and 
weighted mean ages may all be anomalously old (McDougall and Harrison, 1999).  Thus, 
the preferred eruption age for sample GRWY6 is considered to be 52.0 ± 8.5 ka, the 
inverse isochron age calculated for sanidine analysis #4 (Figure 10.14; Chapter 10).   
 The three flows within the Gibbon River rhyolites are spatially intermingled.  The 
main flow rhyolite surrounds the lava represented by sample GRWY6, with main flow 
rhyolite outcropping at elevations both above and below the sample location of GRWY6 
(Figure 4.2).  The southwestern flow of the Gibbon River rhyolites is abutted against and 
beneath the main Gibbon River flow (Figure 4.2).  There is no apparent stratigraphic 
sequence between the three units (Figure 4.2).  The entirety of the Gibbon River rhyolites 
appear to have erupted concurrently, with the southwestern flow and the lava represented 
by GRWY6 being included within the main flow of the Gibbon River.  Thus, the 
40Ar/39Ar eruption age obtained for the lava represented by sample GRWY6, 52.0 ± 8.5 
ka is also interpreted as the eruption age of the entire Gibbon River flow.   
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Geochemistry 
Crystal Spring Flow 
 The Crystal Spring lava flow is a mingled rhyolite with tholeiitic basalt enclaves in 
glassy rhyolite (Figures 5.7, 5.8 & 5.9).  The rhyolite samples appear to lie along a 
mixing line between the basalt enclaves and the majority of the Gibbon River rhyolite 
flow (Figure 11.1).  Geographically, the degree of mingling decreases from north to south 
along the Crystal Spring lava flow (Figure 4.1; Appendix A).  The mingled rhyolites at 
the northern end of the Crystal Spring flow contain up to 20% basalt enclaves, while 
rhyolitic glass with <5% small enclaves and mafic glomerocrysts make up the southern 
end (Chapter 5).   
 The phenocryst assemblage within the rhyolitic glass of the Crystal Spring mingled 
lava is the same crystal assemblage that composes the basalt groundmass of the mafic 
enclaves (Chapter 5).  The analyzed plagioclase phenocrysts from the rhyolitic glass 
(bytownite cores, An72 with labradorite rims, An70, average of core and rim point 
analyses, respectively; Figure 7.19) overlap in composition with the plagioclase of the 
mafic enclave groundmass (bytownite cores, An72 with labradorite rims, An65, average of 
core and rim point analyses, respectively; Figure 7.19), and are too calcic to have 
precipitated within a rhyolite magma.  In fact, nearly all of the phenocrysts within the 
mingled lava appear to be derived from the mafic enclaves, including the Mg-rich 
pyroxenes analyzed in sample CSWY2 (Figure 7.20).  A single large, embayed, resorbed 
quartz grain within sample CSWY2 (Figure 5.10) suggests that the original rhyolitic end-
member of the Crystal Spring mingled rhyolite contained large juvenile phenocrysts prior 
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to mingling with a mafic magma.  Mingling with the mafic magma may have heated the 
rhyolitic magma sufficiently to resorb nearly all of the original rhyolitic phenocrysts. 
 Throughout the rhyolitic glass of the Crystal Spring mingled lava are mafic 
phenocrysts that are not juvenile to a silicic magma.  Additionally, the rhyolitic glass 
contains glomerocrysts and small basaltic enclaves of the same composition as the 
Crystal Spring mafic enclave assemblage (Chapter 5).  These “phenocrysts” are thus 
interpreted to have been derived from the mafic enclaves.  This suggests that the rhyolitic 
portion of the Crystal Spring mingled lava became aphyric upon mingling, resorbing all 
silicic phenocrysts and incorporating disaggregated mafic crystals, since virtually no 
juvenile rhyolitic phenocrysts are present.   
 The holocrystalline enclaves are surrounded by a glass matrix that is denser than the 
surrounding rhyolitic glass (Chapter 5).  Combined with the crenulate margins of the 
enclaves (Figure 5.7), this glass matrix indicates that a portion of the mafic magma was 
quenched upon mingling with the rhyolitic magma.  However, detailed electron 
microprobe traverse analyses of plagioclase within rhyolitic glass indicate that 
compositions become more sodic at the edge of the grains (from An72 to An64, averages 
of all interior and all rim analyses, respectively; Appendix F), just prior to eruption and 
quenching of the magma (Figures 7.21 & 7.22).  This compositional change indicates that 
after exchange from the mafic magma, the plagioclase phenocrysts continued to grow, 
with the more sodic plagioclase rims reflecting the new chemistry of the surrounding 
silicic magma.  In addition, modeling of an andesitic enclave (presented below) indicates 
mixing between the mafic and silicic magmas occurred locally.  
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 The mafic end-member of the Crystal Spring mingled lavas are tholeiitic basalts that 
are chemically similar to the Swan Lake Flat and Osprey basalts (Figures 6.8 through 
6.11).  The last of the Swan Lake Flat basalts erupted at 209 ka (Spell et al., 2004; Smith 
and Bennett, 2006) immediately north of the Crystal Spring lava.  Therefore, the Swan 
Lake Flat basalt is the most likely mafic mingling/mixing component.   
Obsidian Cliff Flow 
 The majority of the Obsidian Cliff rhyolite is a chemically homogeneous, black 
obsidian (Figure 5.4) with a pumiceous carapace (Figure 5.5).  All of the Obsidian Cliff 
samples cluster near the most evolved end of a mixing line between the Crystal Spring 
basaltic enclaves and the Gibbon River rhyolites (Figure 11.1).  The deviation of Na and 
K from this mixing line for Obsidian Cliff lavas (Figure 6.2) is likely the result of 
weathering and the mobilization and transport of these elements during hydration 
(Lipman, 1965; Noble, 1967).  This chemical homogeneity indicates the magma system 
that produced the Obsidian Cliff rhyolites was well-mixed.   
 Obsidian Cliff rhyolite is an aphyric obsidian generally containing only unidentifiable 
microcrysts (Chapter 7).  Several samples also contain small glomerocrysts (not analyzed 
by electron microprobe) of plagioclase, clinopyroxene, and olivine (Chapter 5).  A few 
samples contain small phenocrysts of fayalite (Figures 5.6 & 7.18).  No mafic enclaves 
were observed within the Obsidian Cliff flow.  The microcrysts are typically less than 10 
μm wide and while they were not quantitatively identified, poor electron microprobe 
analyses suggest they are feldspar, pyroxene, and olivine (Chapter 7).  The generally 
aphyric nature of the Obsidian Cliff rhyolite suggests the magma was heated sufficiently 
to resorb all rhyolitic crystals prior to eruption.  The only rhyolitic phenocrysts erupted 
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within the Obsidian Cliff flow, fayalite, are characteristic of high temperature (> 850°C) 
rhyolitic melts (Hildreth, 1981; Honjo et al., 1992; Cathey and Nash, 2004).  The 
presence of glomerocrysts with a mafic crystalline assemblage and the mafic assemblage 
of the microcrysts within the obsidians suggest the heating of the Obsidian Cliff magma 
was driven by the injection of a mafic component into the magma.  Alternatively, the 
Obsidian Cliff magma could have been aphyric prior to interaction with a mafic magma 
represented by the Crystal Spring enclaves.  An aphyric silicic magma could have 
separated from an immobile crystal mush by hindered settling, compaction, and possibly 
gas-driven filter pressing (Bachmann and Bergantz, 2004).  The mafic injection recorded 
in the Crystal Spring flow could have triggered the eruption of this aphyric magma as the 
Obsidian Cliff flow.  However, the presence of a high-temperature phase, fayalite, and 
the mafic assemblage of the microcrysts within the Obsidian Cliff flow suggest heating 
produced the aphyric Obsidian Cliff rhyolite.   
 Interestingly, the crystal assemblage of glomerocrysts within the Obsidian Cliff lavas 
is the same assemblage as that of the basalt enclaves within the Crystal Spring mingled 
lavas (Chapters 5 & 7).  The geographical proximity and geochemical link between these 
flows suggests they could represent the eruption of a single magma batch through two 
separate vents.  The vents may be connected along a single fault running between both 
flows.  Alternatively, these lavas may have been a single flow that was later separated by 
erosion, producing the wash.   
 The microcrysts and mafic glomerocrysts within the Obsidian Cliff rhyolite are 
interpreted as crystals disaggregated from mafic enclaves derived from the basaltic 
component of the Crystal Spring magma.  The Obsidian Cliff rhyolite is apparently the 
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rhyolitic end-member of the Crystal Spring mingled lavas (Figure 11.1).  This is 
supported spatially by the continual decrease in mafic component within the Crystal 
Spring/Obsidian Cliff lava from north to south along the two flows.  The northern edge of 
the Crystal Spring flow contains nearly 20% mafic component and large mafic enclaves, 
whereas the Obsidian Cliff flow contains only a minor mafic component (Figure 11.1).  
No mafic enclaves were observed within the Obsidian Cliff flow, only mafic 
glomerocrysts and microcrysts.  This geochemical link to the Crystal Spring lavas also 
provides a mechanism for superheating the Obsidian Cliff magma.  The mafic injection, 
preserved as the mafic enclaves within the Crystal Spring lava, would have rapidly heated 
the silicic Crystal Spring/Obsidian Cliff rhyolite magma, resorbing all the rhyolitic 
phenocrysts that may have been present within the magma just prior to eruption.  The 
injection of a hotter mafic magma into the silicic Crystal Spring/Obsidian Cliff magma 
system would also produce rapid convection within the system, mixing and chemically 
homogenizing the Obsidian Cliff rhyolite prior to eruption (Couch et al., 2001; Huber et 
al., 2009).    
Geochemical Modeling of Obsidian Cliff and Crystal Spring Flows 
 IgPet (Carr, 2000) was used in conjunction with the whole-rock major and trace 
element data (Appendix B) to quantitatively model magma mixing within the Obsidian 
Cliff rhyolite and the Crystal Spring mingled rhyolite.  The Obsidian Cliff rhyolites were 
selected as the best representation of the Roaring Mountain rhyolites silicic end-member.  
While the main flow of the Gibbon River rhyolites appears to fall at the most evolved end 
of a linear trend with the Crystal Spring mafic enclaves (Figure 11.1), modeling 
discussed below indicates the main Gibbon River flow records continued evolution after 
 133
a mixing event.  Additionally, if the main Gibbon River flow was the silicic end-member 
of the Crystal Spring and Obsidian Cliff flows, as much as 48% mafic component would 
be required to produce the trace elements of rhyolite sample CSWY1 (Figure 11.1).  Such 
a high mafic contribution would not create a rhyolitic melt (Figure 6.1), but rather a 
dacitic melt (~64 wt.% SiO2).  Sample OCWY2 was selected to represent the Obsidian 
Cliff rhyolites as the silicic end-member and sample CSWY1E was selected to represent 
the composition of the mafic end-member for the mixing models.  
 Mixing between the Obsidian Cliff rhyolites and the Crystal Spring basaltic enclaves 
successfully reproduces nearly all the analyzed major and trace elements of the Crystal 
Spring mingled rhyolite and andesitic enclave samples (Figures 11.1 through 11.5).  
Mingling, not mixing, with a mafic component appears to be the dominant magma 
interaction within the Crystal Spring mingled rhyolite.  Since the XRF and ICP-MS 
analyses provide the whole rock element concentrations of each sample, mingling would 
be analytically modeled by chemical mixing.  Thus, the degree of mixing should be 
practically viewed as the degree of mingling.  All of the Crystal Spring mingled rhyolites 
compositionally lie along a mixing line from the Obsidian Cliff rhyolites to the Crystal 
Spring basaltic enclaves (Figure 11.1).  Based on this modeling, silicic to mafic melt 
mixture proportions were determined for each of the Crystal Spring samples (Table 11.1).   
 
Table 11.1. Mixing models for the Crystal Spring mingled rhyolite samples 
 OCWY2 (%) CSWY1E (%) Mixing Model 
CSWY1 78 22 Figure 11.2 
CSWY1GE 25 75 Figure 11.5 
CSWY2 88 12 Figure 11.2 
CSWY3 97 3 Figure 11.3 
CSWY3V 82 18 Figure 11.3 
CSWY4 98 2 Figure 11.4 
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Gibbon River Rhyolites 
 Three distinct rhyolites appear to be present within the Gibbon River flow: the main 
flow, the southwestern flow, and a third composition represented by sample GRWY6 
(Figures 6.2 through 6.7).  The main flow comprises most of the Gibbon River Rhyolite.  
The southwestern flow forms the cliff at the southwestern corner of the Gibbon River 
flow (represented by samples GRWY1 and GRWY3, Figure 4.2).  Sample GRWY6 was 
collected at the surficial top of the northeastern Gibbon River flow, the location of the 
third Gibbon River unit (Figure 4.2).  The main flow and the southwestern flow of the 
Gibbon River rhyolites have the same mineral assemblage of sanidine, quartz, 
plagioclase, sparse magnetite, rare pyroxene, fayalite, amphibole, and zircon (Chapters 5 
& 7).  Sample GRWY6 contains a similar mineral assemblage (sanidine, sparse quartz, 
fayalite, pyroxene, magnetite, ilmenite, rare amphibole, and zircon), but is generally 
chemically less evolved than the other Gibbon River rhyolites (Chapters 5 & 7).  
Gibbon River Rhyolites – The Main Flow 
 The main Gibbon River flow is a sparsely porphyritic to porphyritic rhyolite (Figure 
5.1).  The main flow appears to be the most evolved of the Roaring Mountain rhyolites 
with the highest Rb, Y, and Ta concentrations, and lowest Fe, Ba, and Ca concentrations.  
Trace element chemistry suggests the main flow may represent the most evolved end-
member of a mixing line between the main flow of the Gibbon River rhyolites and the 
mafic enclaves of the Crystal Spring mingled lavas (Figure 11.6).  However, several of 
the analyzed elements do not fall directly on this mixing line (Figures 6.1 & 6.2).  The 
elements that fall off trend are compatible in sanidine, plagioclase, magnetite, fayalite, 
and clinopyroxene.  This assemblage corresponds to the phenocryst assemblage of the 
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main flow of the Gibbon River rhyolites (Chapters 5 & 7).  Thus, the magma that 
produced the main Gibbon River flow may represent residual Crystal Spring/Obsidian 
Cliff magma that continued to evolve and crystallize.  Fractional crystallization appears 
to account for the compositional difference between the main flow and the Obsidian Cliff 
rhyolites.   
 The crystal assemblage of the main Gibbon River flow consists of unzoned, euhedral 
to subhedral sanidine (Or58) and quartz, with rare oligoclase (An21), olivine (likely 
fayalite based on olivine compositions analyzed within the other Gibbon River rhyolites), 
ferroan augite, ferro-actinolite, magnetite, and zircon (Chapters 5 & 7).  The quartz 
population is very homogeneous with similarly sized phenocrysts and no visible or 
compositional zoning (Figure 8.5), and the sanidine and augite compositions are tightly 
clustered (Figures 7.1 & 7.2, respectively).  Although major elements are generally 
constant, the sanidine phenocrysts do exhibit generally symmetrical trace element zoning 
from rim to rim (Figure 7.7).  Overall the sanidines have a small range of BaO (<0.5 
wt.%, Figure 7.6), excepting sanidine S2, which has a higher Ba concentration than the 
other sanidines and exhibits the most extensive BaO zonation of the GRWY7P sanidines.  
The Ba zoning within the sanidine phenocrysts may record minor changes in local 
magma chemistry during phenocryst precipitation.  The general lack of phenocryst 
zoning and the general chemical homogeneity of phenocryst populations suggests that the 
main flow of the Gibbon River rhyolites may have been “reset” by heating and crystal 
resorption, removing previously crystallized phenocrysts and preventing the preservation 
of their chemistries within “new” phenocrysts as cores or inclusions.  Thus, only a single 
homogeneous magma environment is recorded within the main flow’s phenocrysts.   
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 Lending evidence for this model includes the observation that quartz began 
precipitating in the magma of the main flow of the Gibbon River rhyolites at ~975°C 
(based on analyses at the center of quartz 7P-QA) (Figure 8.2).  The quartz phenocrysts 
indicate a overall thermally stable system (averaging ~930°C) with slight cooling to just 
below 900°C prior to eruption and cessation of quartz growth (based on the lowest 
temperature analyzed at the edge of the 3 quartz crystals, 7P-QA on Figure 8.2).   
 Eruption temperatures from two-feldspar geothermometry (Fuhrman and Lindsley, 
1988) analyses indicate that the main flow of the Gibbon River rhyolites erupted at a 
lower temperature than indicated by TitaniQ geothermometry (Wark and Watson, 2006).  
Analyses of coexisting sanidine and plagioclase indicate the main flow was between 
~795°C and ~830°C (±30°C) when it erupted and the feldspar phenocrysts stopped 
precipitating (Chapter 8).  Within uncertainties, the TitaniQ and two-feldspar eruption 
temperatures overlap, albeit at opposite ends of their respective uncertainties.  There are 
several possibilities as to why these temperatures do not match more closely, including 
that the incorrect αTi was selected to calculate the TitaniQ temperatures within the main 
Gibbon River flow (Chapter 8) or that the analyzed feldspar pairs used to calculate the 
two-feldspar temperatures were not in chemical equilibrium.  If the selected αTi was 
incorrect and the temperatures calculated by TitaniQ are too high, a higher αTi would 
calculate lower temperatures (Wark and Watson, 2006).  A higher αTi also produces a 
lower range of calculated temperatures (e.g. with αTi=0.6, the temperature range is 105°C 
and with αTi=0.8, the temperature range is 97°C for quartz GRWY7P-QA).  Based on the 
main flow’s relation to the Crystal Spring and Obsidian Cliff lavas, the phenocrysts of the 
main flow likely began precipitating at relatively high, post-superheating temperatures.  
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If the main flow erupted at ~800°C, as indicated by two-feldspar geothermometry, the 
quartz phenocrysts should record a continual drop of possibly up to 200°C, from those 
high initial temperatures to the low two-feldspar eruption temperature.  However, the Ti 
concentrations of the quartz phenocrysts within the main flow record a maximum cooling 
of 105°C (range of quartz GRWY7P-QA).  So, the higher TitaniQ eruption temperatures 
are favored for the main flow of the Gibbon River rhyolites.   
Geochemical Modeling of the Main Gibbon River Flow 
 The main flow of the Gibbon River rhyolites appears to be the silicic end-member of 
a mixing trend with the Crystal Spring mafic enclaves (Figure 11.6).  Mixing was 
modeled between the main flow of the Gibbon River rhyolites (with sample GRWY7O 
representing the silicic end-member) and the Crystal Spring mafic enclaves (represented 
by CSWY1E).  For major elements, mixing models using GRWY7O require ~1% 
CSWY1E to produce Obsidian Cliff sample OCWY2 (Figure 11.6).  However, modeling 
mixing of trace elements with GRWY7O requires ~25% mafic content (CSWY1E) to 
produce the composition of OCWY2 (Figure 11.6).  There is a similar discrepancy 
between the mafic content required to produce the major elements versus trace elements 
the Crystal Spring mingled rhyolite (Figure 11.6).  Also, many trace elements (e.g. La, 
Ce, Pr, Nd, Ba, Sr & Eu) and K and Na (Figure 6.2) do not fit well along a mixing line 
between the main Gibbon River flow and the Crystal Spring mafic enclaves.  Therefore, 
mixing cannot relate the main flow of the Gibbon River rhyolites to the Crystal Spring 
and Obsidian Cliff flows.   
 Since mixing does not relate the Crystal Spring and Obsidian Cliff rhyolites to the 
main flow of the Gibbon River rhyolites, a Rayleigh fractionation model was calculated 
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to predict the evolution of residual Obsidian Cliff magma by fractional crystallization.  A 
model was calculated using the Rayleigh fractionation equation,  
Cl/Co = F(Do-1) 
where Co is the composition of the parent liquid, Cl is the composition of the daughter 
liquid, Do is the bulk distribution coefficient, and F is the portion of melt remaining after 
fractional crystallization.  Rayleigh fractionation assumes that crystals formed within a 
liquid are immediately removed from that liquid.  Mineral partition coefficients for high-
silica rhyolites were averaged from several sources (Mahood and Hildreth, 1983; Stix and 
Gorton, 1990; Ewart and Griffin, 1994; Streck and Grunder, 1997) to estimate the 
partition coefficients within the Roaring Mountain rhyolites.  The partition coefficients 
that were used to calculate the bulk distribution coefficients are presented in Table 11.2.  
For this model, the fractionating crystal assemblage was based on the point count data for 
the main flow of the Gibbon River (sample GRWY7O, Table 5.1): 78% sanidine, 9-10% 
plagioclase, 7-9% quartz, 3% magnetite, 0.5-1% olivine, 0.5% zircon, 0.0-0.5% 
pyroxene, and 0.0-0.5% amphibole.  The assemblage was modified to include observed 
phenocrysts within the main flow that were not represented in the point count of 
GRWY7O.    
 Using the Obsidian Cliff rhyolite (sample OCWY2) as the composition of the parent 
magma, a fractional crystallization model does successfully reproduce many of the main 
Gibbon River flow trace elements (Figure 11.7).  When compared to Nb, trace elements 
Sc, Rb, Sr, Y, Ta, Eu, Yb, and Lu indicate ~25% crystal fractionation of Obsidian Cliff 
composition magma will produce the main flow of the Gibbon River rhyolites (Figure 
11.7).  The main flow composition of Ba, Tb, Th, and U are nearly matched by this 
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fractionation model, but do not fall upon the modeled fractionation line.  The major 
elements were not modeled since at high SiO2 contents, their composition is expected to 
approach a eutectic composition and not change with further evolution.  
 
Table 11.2. Partition coefficients used in Gibbon River rhyolite models 
  Sanidine Plagioclase Fayalite Magnetite Pyroxene Zircon Amphibole
Sc 0.037 0.014 6.40 8.057 111.033 68.65 0 
Mn 0.028 0.130 65.333 24.173 31.363 1.52 13.9 
Rb 0.417 0.075 0 0.032 0.052 0 0.137 
Sr 3.847 10.835 0 0.148 0.165 0 3.356 
Y 0.067 0.206 0 1.104 0.81 0 17.832 
Nb 0.077 0.242 0 2.264 0.4 0 2.57 
Ba 8.173 3.271 0 0 0.614 0 1.064 
Hf 0.021 0.057 0.727 2.739 1.31 3193.5 0 
Ta 0.026 0.046 0.098 1.927 0.933 47.5 0 
La 0.072 0.135 8.803 8.081 6.453 16.9 0 
Ce 0.044 0.070 7.703 7.174 6.16 16.75 0 
Nd 0.038 0.033 5.423 5.650 7.412 13.3 0 
Sm 0.018 0.015 3.319 3.963 7.973 14.4 0 
Eu 3.342 5.163 2.103 1.294 5.025 16 0 
Tb 0.027 0.027 1.233 2.650 6.255 37 0 
Yb 0.017 0.018 1.287 0.693 4.942 527 0 
Lu 0.028 0.013 1.587 0.748 5.472 641.5 0 
Th 0.014 0 1.295 3.697 5.985 76.8 0 
U 0.021 0 0.313 0.855 0.21 340.5 0 
 
 The light rare-earth elements of the main Gibbon River flow, however, are still much 
lower than can be accounted for by the fractional crystallization model presented above.  
Of the possible crustal contaminants near the Gibbon River rhyolites, the Gibbon Hill and 
Paintpot Hill rhyolites have very low light REE values (Hildreth et al., 1991; 
Christiansen, 2001).  However, trace elements other than La, Ce, Pr, and Nd would also 
be affected by crustal assimilation within the magma system.  Preliminary assimilation 
and fractional crystallization modeling suggests that the low light REE composition of 
the main Gibbon River flow can only be reproduced at the expense of the other trace 
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elements.  Thus, assimilation is not considered a significant factor within the main 
Gibbon River flow.  Instead, the compatibility of the light REEs (Figure 6.3) probably 
indicates allanite (Mahood and Hildreth, 1983), while not identified within the main flow 
samples, may have been crystallizing within the main flow of the Gibbon River magma.   
Gibbon River Rhyolites – The Southwestern Flow 
 The southwestern flow of the Gibbon River rhyolite is a porphyritic black and 
mahogany obsidian.  For the major elements, the southwestern flow is nearly identical to 
the main flow of the Gibbon River rhyolites (Figure 6.2).  In the southwestern flow, the K 
increases and Na decreases relative to the main flow (Figure 6.2), consistent with K and 
Na mobilization due to hydration (Lipman, 1965; Noble, 1967).  However, the 
southwestern flow trace elements fall between the main Gibbon River flow and the 
basaltic enclaves of the Crystal Spring (Figures 6.5, 6.6 & 6.7).  It thus appears as if the 
rhyolites of the southwestern flow are a mixture between the main Gibbon River flow and 
the Crystal Spring basaltic enclaves (Figure 6.6).  A mixing model between the main flow 
of the Gibbon River rhyolites (sample GRWY7O) and the basaltic enclaves of the Crystal 
Spring rhyolites (sample CSWY1E) was therefore calculated.  This model indicates that 
at least 65% mafic component is required to produce the trace element composition of 
southwestern flow (Figure 11.8).  This percentage mafic contribution would result in an 
andesitic magma (~59 wt.% SiO2), not a rhyolitic one (Figure 6.1).  Additionally, the 
complex chemical history detailed in the phenocrysts of the southwestern Gibbon River 
flow does not record the significant mixing with a mafic component that would be 
required if the southwestern magma was a hybrid magma of the main Gibbon River flow 
and the mafic enclaves of the Crystal Spring flow.   
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 Both the main flow and the southwestern flow of the Gibbon River rhyolites contain 
the same phenocryst assemblage: sanidine, oligoclase, quartz, fayalite, magnetite, ferroan 
augite, amphibole (ferro-actinolite in the main Gibbon River flow), and zircon.  The 
chemical composition of analyzed feldspar and pyroxene phenocrysts overlap for both 
flows, with the phenocrysts from the main Gibbon River flow being slightly more 
evolved in composition (Or53, An27 & Wo40En26Fs34 vs. Or58, An21 & Wo39En24Fs36, 
southwestern vs. main, respectively) (Figures 7.1 & 7.2).  The average core composition 
of plagioclase within the main flow (An25) is similar to the average core and rim 
composition of plagioclase within the southwestern flow (An26 & An27, averages of core 
and rim point analyses, respectively) (Chapter 7).  Thus, the southwestern flow and the 
main Gibbon River flow may be derived from the same source magma.  However, 
whereas the main flow generally contains unzoned, homogeneous phenocrysts (Figure 
7.4), the southwestern flow phenocrysts are zoned and record a more chemically complex 
magma history prior to eruption (Figure 7.8).   
 Generally, the southwestern Gibbon River flow contains two populations of 
sanidines.  The first population consists of sanidines (sanidines S1 & S2 of sample 
GRWY1) with relatively constant Or52 composition (Or50 & Or53, average composition of 
S1 and S2, respectively) surrounding anorthoclase (Or32 & Or34, S1 & S2, respectively) 
inclusions (Figures 7.8 & 7.9).  The second population consists of strongly zoned 
sanidines (S5 & S6 of sample GRWY1) with an average interior zone composition (Or58 
& Or57, average composition of S5 and S6, respectively) that is chemically similar to the 
main Gibbon River flow’s homogeneous sanidine composition (Or60) and an outer 
compositional rim that is distinctly more sodic (Or43 & Or44, most sodic analysis at edge 
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of S5 and S6, respectively) (Figures 7.8 & 7.9).  Sanidine S6 also contains an oligoclase 
(An20) inclusion that is chemically similar to the rim composition of plagioclase within 
the main flow (An21, most sodic analysis at edge of sample GRWY7P plagioclase).  
Though the chemistries are slightly different, sanidine S4 is similar to the second sanidine 
population exhibiting a sanidine interior (Or55) that becomes more sodic towards the edge 
of the grain (Or40) (Figures 7.8 & 7.9).  The BaO composition of S6 is zero along the 
plagioclase inclusion, but shows oscillatory zoning throughout the center of the sanidine 
until a sudden Ba increase at the crystal edges, corresponding to the decrease in Or 
(Figure 7.13).   
 Several processes could explain the chemical heterogeneity within the sanidines of 
the southwestern flow.  The oscillatory zoning within sanidine S6 may record periodic 
destabilizations of the magma system as the local chemical and physical environment 
changes with time and evolution.  Similar oscillatory zoning was described in sanidine 
phenocrysts from the Laacher See volcanic tephra (Ginibre et al., 2004).  These sanidines 
were interpreted as evolving within a thermally stratified, convecting magma system that 
had temperatures up to 1000°C (Ginibre et al., 2004).  A chemically or thermally 
stratified magma system could produce multiple sanidine populations and phenocryst 
movement between these magma zones could form the complex chemical zonation seen 
within southwestern flow sanidines.  Phenocrysts may have been exchanged between 
magmas that produced the main and the southwestern flows.  For example, plagioclase 
originating within the magma that produced the southwestern flow may have exchanged 
into the magma that produced the main flow, where rims of more evolved plagioclase 
precipitated, erupting with the main Gibbon River flow.  Additionally, the exchange and 
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continued growth of phenocrysts within a less evolved magma would create 
compositional zoning similar to observed zoning within the sanidines of sample GRWY1, 
where K-rich sanidines are surrounded by Na-rich sanidine rims (e.g. sanidine S6).  In a 
silicic system without basaltic interaction, local or system-wide chemical stratification 
could form with time through crystal settling (Hildreth, 1979).  Mafic underplating 
probably at least contributed to southwestern flow magma system by providing the heat 
to maintain the system.  It also could have promoted the chemical stratification of the 
magma system by indirectly providing heat and volatiles to the silicic magma (Hildreth, 
1979; Hildreth, 1981).  
 The quartz phenocrysts within the southwestern flow are strongly zoned and typically 
broken and shattered (Figure 8.6).  From TitaniQ geothermometry (Wark and Watson, 
2006), the compositional zones within the quartz of the southwestern flow correspond to 
low temperature cores (700-800°C) and high temperature rims (900-1000°C) (Figure 
8.3).  These quartz phenocrysts could record cooling and crystallizing of the silicic 
magma system (core temperatures) that was then remobilized and heated by a mafic 
component (producing the higher rim temperatures), possibly the basaltic injection 
recorded in the Crystal Spring mingled rhyolite.  Alternatively, it has been suggested that 
the magma that produced the main Gibbon River flow reached temperatures high enough 
to completely resorb all rhyolitic phenocrysts that may have formed prior to the Crystal 
Spring/Obsidian Cliff eruption.  If this also applies to the magma of the southwestern 
flow and all the rhyolitic phenocrysts within the southwestern flow magma formed after 
the eruption of the Crystal Spring/Obsidian Cliff flow, then several models could explain 
the temperature zoning within the quartz phenocrysts.  The magma that produced the 
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southwestern flow could have undergone a low temperature crystallization period 
wherein new quartz grains precipitated, followed by a high temperature growth period, 
possibly triggered by continued mafic injection beneath the Roaring Mountain Member 
area.  However, the quartz within the main flow do not record a period of low-
temperature quartz crystallization (Figure 8.2) and it seems likely that the heat that 
maintained a hot main flow magma would also sufficiently heat a neighboring or 
subjacent magma.  Based on the close spatial proximity of the main and the southwestern 
flows of the Gibbon River rhyolites, it seems unlikely that the southwestern flow magma 
would have undergone a low-temperature crystallization that was not also recorded 
within the main flow.  One possibility is that the heat that produced the main flow of the 
Gibbon River remobilized a silicic crystal mush (Bachmann and Bergantz, 2004; 
Bachmann and Bergantz, 2008) in the Gibbon River magma system vicinity, creating the 
magma of the southwestern flow and incorporating older phenocrysts into the melt.  
Another possibility is that the cores of the quartz phenocrysts of the southwestern flow 
are xenocrysts harvested from the wall rock surrounding the magma of the southwestern 
flow.  If either is the case, the low core temperatures are relict to the crystallization of the 
crystal mush or the surrounding country rock and the high rim temperatures reflect the 
temperature within the magma of the southwestern flow.  Since Ti diffusion within quartz 
is very slow (Cherniak et al., 2007), the high temperature rims are probably overgrowths 
native to the southwestern flow magma.  
 Given the models suggested above, the quartz rim temperatures should reflect the 
magma temperature prior to eruption of the southwestern Gibbon River flow.  Based on 
the rim temperatures from quartz 1-QB, the southwestern flow magma was ~900°C at the 
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time of eruption (Figure 8.3).  Two-feldspar geothermometry (Fuhrman and Lindsley, 
1988) analyses indicate that the southwestern flow of the Gibbon River rhyolites was 
~820°C (±40°C) when it erupted and crystallization of feldspar phenocrysts halted 
(Chapter 8).  The discrepancy between the TitaniQ and two-feldspar eruption 
temperatures is discussed above, however, the higher eruption temperature is favored 
based on the presence of fayalite, a high-temperature mineral (> 850°C) (Hildreth, 1981; 
Honjo et al., 1992; Cathey and Nash, 2004), within the southwestern flow and the 
interpreted close proximity of the southwestern Gibbon River flow magma to the hot 
magma of the main flow of the Gibbon River rhyolites.  It should be noted that both the 
TitaniQ and two-feldspar temperatures for the southwestern flow overlap with the 
eruption temperatures of the main flow of the Gibbon River.   
Geochemical Modeling of the Southwestern Gibbon River Flow 
 Several mixing, fractional crystallization, and assimilation and fractional 
crystallization models were attempted for the southwestern flow of the Gibbon River 
rhyolites.  Since the 40Ar/39Ar eruption ages do not preclude the Gibbon River rhyolites 
from erupting before the Obsidian Cliff rhyolites, the Obsidian Cliff flow (sample 
OCWY2) was modeled along with the main Gibbon River flow (sample GRWY7O) as a 
parent magma for the southwestern flow of the Gibbon River rhyolites.  Along with the 
other Roaring Mountain lavas, nearby units such as the Lava Creek Tuff, the Paintpot 
Hill and Gibbon Hill rhyolites were also modeled as possible assimilants.  None of the 
attempted models successfully reproduced the trace elements of the southwestern Gibbon 
River flow.   
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 Preliminary work by Nastanski (2005) interpreted the magmas of the Obsidian Cliff 
and Crystal Spring flow as being the product of a fractionally crystallized residual 
Gibbon River flow.  Her modeling was based on preliminary 40Ar/39Ar ages that indicated 
the Gibbon River flow was erupted prior to the Obsidian Cliff and Crystal Spring flows 
(Nastanski, 2005).  The trace elements of the Gibbon River sample (sample GR-2) 
collected by Nastanski (2005) indicate it is a southwestern Gibbon River rhyolite (Figure 
11.9).  This is consistent with the sampling location (east of sample GRWY3) for GR-2 
(Nastanski, 2005).  Based on the fractional crystallization model presented in Nastanski 
(2005), the southwestern flow of the Gibbon River rhyolites (the average composition of 
GRWY1 and GRWY3) was modeled again in this study as the parent magma for the 
Obsidian Cliff rhyolites (OCWY2).  This study’s model used the partition coefficients 
listed in Table 11.1 and the fractionating crystal assemblage from the point count data for 
the southwestern Gibbon River flow (sample GRWY3, Table 5.1).  The fractionating 
assemblage was modified to include observed phenocrysts that were not represented in 
the point count: 54% sanidine, 27.5% quartz, 3-5% plagioclase, 12% magnetite, 0.0-1% 
olivine, 0-0.5% zircon, 0.0-0.5% pyroxene, and 1-3% amphibole.  Using these inputs, the 
Obsidian Cliff rhyolite composition was successfully reproduced for Nb versus La, Eu, 
and Tb with ~65% fractional crystallization.  However, the majority of Obsidian Cliff 
trace elements are not explained by modeling the southwestern Gibbon River flow.  In 
addition, while the 40Ar/39Ar eruption ages allow for the Gibbon River rhyolites to have 
erupted before the Obsidian Cliff rhyolites, geochemical modeling (above) clearly 
suggests that the Gibbon River rhyolites erupted after the Obsidian Cliff lavas.   
 147
Gibbon River Rhyolites – Sample GRWY6 
 Sample GRWY6 of the Gibbon River flow is a relatively coarsely porphyritic rhyolite 
(Figure 5.3) and is the least evolved of the Gibbon River samples (Figures 6.2 & 6.3).  
The major elements of sample GRWY6 do not overlap within uncertainties with the main 
Gibbon River flow or the southwestern flow, however, many of GRWY6’s trace elements 
overlap with the trace elements of the main flow, the southwestern flow, and Obsidian 
Cliff flow (Figure 6.3 & 6.4).  This chemical similarity suggests that GRWY6 may be 
related to the main Gibbon River flow, the southwestern Gibbon River flow, and the 
Obsidian Cliff flow.  However, many of the trace elements are very distinct, for example, 
Fe, Mn and Ti are the highest of the Gibbon River rhyolite samples (Figure 6.2) and the 
light REEs are the highest of all the Roaring Mountain Member samples (Figure 6.3).  
Like the southwestern flow, the major and trace element chemistry of GRWY6 generally 
appears consistent with mixing of main Gibbon River rhyolite with a mafic component 
such as the Crystal Spring basaltic enclaves (Figures 6.5 & 6.6).  However, mixing with 
other Roaring Mountain Member compositions does not account for the composition of 
GRWY6 since the elements that do fall along a mixing line between the main Gibbon 
River flow and the Crystal Spring basaltic enclaves require a mafic contribution ranging 
from ~5% (CaO, Figure 11.6) to ~55% (Th & Rb, Figure 11.6).  
 The phenocryst assemblage of sample GRWY6 is similar to the assemblage of the 
main Gibbon River flow and the southwestern flow, with one major difference – no 
plagioclase phenocrysts were identified within sample GRWY6 (Chapter 7).  
Additionally, the sanidine chemistry of GRWY6 (Or44) is distinctly less evolved than the 
sanidines of both the main Gibbon River flow and the southwestern flow (Or58 & Or53, 
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respectively) (Figure 7.1).  The pyroxene and amphibole phenocrysts of GRWY6 are also 
higher in Fe composition than those of GRWY7P and GRWY1 (Wo41En10Fs48Ac1 & 
Wo3En27Fs70 vs. Wo39En24Fs36Ac1 & Wo40En26Fs34Ac1, GRWY6 vs. GRWY7P & 
GRWY1, respectively) (Figure 7.2).   
 All three sanidines analyzed from GRWY6 are compositionally similar.  Sanidine S2 
and S4 are unzoned with chemically indistinguishable average compositions (Or46 & 
Or47, average composition of S2 and S4, respectively) (Figures 7.14 & 7.15).  The third 
sanidine, S1 is distinctly zoned (Figures 7.14 & 7.15).  The core and the rim 
compositions of S1 are compositionally indistinguishable (Or43 & Or42, core and rim 
composition, respectively) and overlap with the rim compositions of GRWY1 sanidines 
S4, S5, and S6 (Or40-44).  The inner, high-K compositional zone within sanidine S1 is 
compositionally similar to that of S2 and S4 (Or48) (Figure 7.14).  The compositional 
overlap of GRWY6 sanidine S1 and GRWY1 sanidines S4, S5, and S6 suggests 
phenocrysts may have been exchanged between the magmas that produced sample 
GRWY6 and the southwestern flow.   
 The quartz phenocrysts within GRWY6 are moderately to weakly zoned and often 
shattered (Figure 8.7).  However, TitaniQ geothermometry (Wark and Watson, 2006) 
does not show large temperature variations that might correlate with the compositional 
zones visible in CL images (Figure 8.4).  TitaniQ geothermometry indicates the 
temperatures within the magma of sample GRWY6 averaged around 950°C (Figure 8.4).  
The temperatures ranged from ~890°C up to ~1010°C.   
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Geochemical Modeling of GRWY6 
 In an attempt to reconcile the distinct chemistry of sample GRWY6 with the other 
two Gibbon River flows, several magma evolution models were calculated including 
fractional crystallization of different parent magmas including the main Gibbon River 
flow and the Obsidian Cliff rhyolites, and assimilation and fractional crystallization 
models with different assimilants such as the Lava Creek Tuff.  Of these models, only an 
assimilation and fractional crystallization model could successfully reproduce trace 
element compositions of GRWY6.  A model was calculated using DePaolo’s (1981) 
equation,  
Cl = Co (F-Z) + 
oDR
R
1 Ca (1 – F
-Z) 
where Co is the composition of the parent liquid, Cl is the composition of the daughter 
liquid, Ca is the composition of the assimilant, Do is the bulk distribution coefficient, R is 
the ratio of the mass of the mixed component to the mass of the fractionating component, 
F is the portion of melt remaining after fractional crystallization, and 
1
1


R
DRZ o .  
The partition coefficients used to calculate the bulk distribution coefficients are presented 
in Table 11.2.  The fractionating assemblage was based on the point count data for 
sample GRWY6 (Table 5.1): 63% sanidine, 7-9% quartz, 23-25% magnetite, 2-3% 
olivine, 0.5-2% zircon, 0.0-0.5% pyroxene, and 0.5-2% amphibole.  The point count 
assemblage was modified to include minerals that were observed in sample GRWY6 that 
were not represented in the point count data.   
 To model sample GRWY6, the main Gibbon River flow (sample GRWY7O) was 
used as the parent magma and the Crystal Spring mafic enclave (sample CSWY1E) was 
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used as the assimilant.  R was set at 0.1, meaning the portion of assimilated mafic 
material was a tenth of the portion of fractionating silicic magma.  When compared 
against Ta, about ~35% crystal fractionation is required to produce trace elements Sr, Sc, 
and Th (Figure 11.10).  None of the other trace elements modeled were successfully 
reproduced.  Additionally, with the assimilation of ~10% mafic component, the major 
element concentration of GRWY6 should be closer to sample CSWY2 (~12% mafic 
contribution, Table 11.1) than observed.  Also, the most unique trace elements of 
GRWY6 (very high Eu and light REE concentrations) were not replicated by this model, 
so it is unlikely that assimilation and fractional crystallization of the Obsidian Cliff, main 
Gibbon River, and southwestern Gibbon River flows produced the magma represented by 
GRWY6.   
 
230Th/238U Geochronology 
Gibbon River Flow 
 Zircons separated from Gibbon River rhyolite sample GRWY6 were analyzed by ion 
microprobe for 230Th/238U geochronology (Chapter 9; Appendix I).  Individual model 
ages range from 116 ± 18 ka to 211 ± 64 ka (Table 9.1).  The disequilibrium age 
calculated for these analyses is 27
36105  ka (Figure 9.3).  This 230Th/238U age indicates 
the average age of zircon precipitation within the magma of GRWY6 (Reid et al., 1997; 
Simon and Reid, 2005; Schmitt et al., 2006).   
 While studying the adjacent intracaldera Central Plateau Member rhyolites of the 
Yellowstone Caldera, Vazquez and Reid (2002) also preformed 230Th/238U analyses on a 
zircon population from the Gibbon River flow.  The two-point isochron ages (“model 
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ages”) of their individual zircon analyses range from 94 ka to 269 ka and the 
disequilibrium age calculated for all the Gibbon River zircon analyses is 14
16136  ka 
(MSWD = 1.1; Vazquez and Reid, 2002).  These ages agree with the range of individual 
isochron ages from sample GRWY6 (Table 9.1).  Additionally, the disequilibrium ages 
overlap within uncertainty of each other.  The consistency of these two data sets suggests 
the Gibbon River rhyolites record a single zircon crystallization episode (Figure 9.4; 
Vazquez and Reid, 2002).   
 Combining the 230Th/238U disequilibrium age ( 27
36105  ka) with the preferred 
eruption age of sample GRWY6 (52.0 ± 8.5 ka) indicates the magma that sample 
GRWY6 originated from evolved for at least 50 ka before eruption.  The individual 
model ages obtained from GRWY6 zircons allow for magma evolution beginning at 211 
± 64 ka.  Since geochemistry indicates the Gibbon River rhyolites were the last of the 
Roaring Mountain rhyolites to erupt, this suggests a maximum time of magma storage 
and evolution beneath the southeastern Norris-Mammoth Corridor of ~160 ka.   
 
Roaring Mountain Rhyolites Model 
 The 40Ar/39Ar eruption age of the Crystal Spring/Obsidian Cliff flow, 59.1 ± 2.0 ka, 
and the Gibbon River flow, 52.0 ± 8.5 ka, overlap within uncertainty, and either eruption 
could have occurred first.  However, geochemical modeling indicates that the main flow 
of the Gibbon River rhyolites evolved from the residual magma of the Crystal 
Spring/Obsidian Cliff rhyolites after their eruption.  Therefore, the Gibbon River 
rhyolites are interpreted to have erupted after the Crystal Spring/Obsidian Cliff lavas.   
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 Prior to eruption of the Crystal Spring/Obsidian Cliff lavas, a mafic injection, 
chemically similar to the Swan Lake Flat basalts, superheated the silicic magma system 
of the Roaring Mountain rhyolites, resorbing nearly all silicic phenocrysts that had 
precipitated within the system.  This mafic magma mingled and mixed with the Roaring 
Mountain silicic magma, exchanging disaggregated mafic phenocrysts into the silicic 
magma, quenching into holocrystalline mafic enclaves, and completely hybridizing into 
local andesitic melts.  Produced by mingling of the silicic Roaring Mountain magma and 
Swan Lake Flat basaltic magma, the Crystal Spring mingled rhyolites contain between 2-
22% mafic component (Table 11.1) in the form of basaltic phenocrysts, basaltic 
glomerocrysts, and quenched basaltic to andesitic enclaves.  The Obsidian Cliff rhyolite 
is the most evolved, silicic end-member of these mingled lavas and probably best 
represents the composition of the Roaring Mountain silicic magma before basaltic 
interaction.  The Crystal Spring mingled lavas and the Obsidian Cliff rhyolite erupted at 
59.1 ± 2.0 ka.  Based on their geographical proximity and geochemistry, the Crystal 
Spring mingled lavas and the Obsidian Cliff rhyolite erupted either as a single flow that 
was later separated by erosion, or as a single magma batch via two separate vents.  Since 
magmas typically erupt the uppermost material first, drawing down to deeper magmas 
with continued eruption (Hildreth, 1979), the Crystal Spring lavas probably erupted after 
the Obsidian Cliff rhyolites.  If the flows erupted from a single vent, the Crystal Spring 
mingled lavas would likely be closest to the vent as the last magma erupted, suggesting 
that for a single vent model, the Obsidian Cliff/Crystal Spring rhyolites erupted from the 
mapped Crystal Spring vent.   
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 After eruption of the Crystal Spring mingled lavas and the Obsidian Cliff rhyolites, 
the Roaring Mountain silicic magma system began cooling, though generally high 
temperatures (840-995°C) were maintained prior to eruption of the Gibbon River flow.  
The residual Crystal Spring/Obsidian Cliff magma began evolving by fractional 
crystallization and from this hot, stable silicic system, the main flow of the Gibbon River 
rhyolites erupted.   
 The adjacent, intracaldera Central Plateau Member rhyolites of the Yellowstone 
Volcanic Field are interpreted as evolving within a fractionating silicic magma system 
maintained by periodic mafic injection (Vazquez et al., 2009).  The interpreted magma 
evolution of the Crystal Spring mingled rhyolites, the Obsidian Cliff rhyolites, and the 
main flow of the Gibbon River rhyolite reflects a similar magmatic environment.  Mafic 
injection into silicic magma systems appears to be common within the postcollapse 
Yellowstone Volcanic Field lavas.  TitaniQ geothermometry indicates the Central Plateau 
Member lavas evolved over progressively cooling temperatures that range from 900°C to 
750°C (Vazquez et al., 2009).  Similar magma evolution temperatures were observed by 
TitaniQ geothermometry within the main flow of the Gibbon River rhyolite.  However, 
the Gibbon River rhyolites recorded slightly higher temperatures than those within the 
Central Plateau lavas.  Since the main Gibbon River flow evolved over significantly less 
time than that of the Central Plateau lavas (~50 ka for the Gibbon River flow vs. >100 ka 
for the Central Plateau lavas) (Vazquez et al., 2009), the main flow temperatures should 
reasonably reflect the residual heat of the superheating event that accompanied the mafic 
injection into the Roaring Mountain magma system.   
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 Though a temporal and spatial relationship appears to exist, the geochemical relation 
between the southwestern Gibbon River flow, the Gibbon River flow represented by 
sample GRWY6, and the rest of the Roaring Mountain rhyolites (Crystal Spring, 
Obsidian Cliff, and main Gibbon River flows), if any, is still unclear.  Similar phenocryst 
assemblages could suggest a shared heritage, and overlapping sanidine and plagioclase 
compositions between the three Gibbon River rhyolites suggests these magmas may have 
exchanged phenocrysts.  However, these similarities could also be explained simply 
because all three of these units are high-Si rhyolites.  Two models are suggested to 
produce the southwestern flow of the Gibbon River rhyolites and the lava flow 
represented by GRWY6: 1) a chemically and thermally stratified magma system (Figure 
11.11), and 2) small, independent batches of locally remobilized crystalline mushes 
(Figure 11.12).   
 Continued mafic underplating may have chemically and thermally stratified (Hildreth, 
1979; Hildreth, 1981) the post-Crystal Spring/Obsidian Cliff flow silicic magma system.  
A stable, homogeneous magma zone could have formed at the top of the magma system 
with compositionally different magma zones separating below (Figure 11.11).  Based on 
the overall evolution of the three Gibbon River rhyolites and the chemical gradients 
between them (i.e. Ba and FeO increase with interpreted magma depth; Figures 6.2 & 
6.4), in a stratified Gibbon River magma system, the shallowest magma would be the 
main flow, followed by the southwestern flow, and the rhyolite represented by GRWY6 
would be the deepest magma (Figure 11.11).  Similar chemical gradients within the 
Bishop Tuff were interpreted to represent magma depth within a stratified magma system 
(Hildreth, 1979).  Communication between these magma zones including phenocryst 
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exchange would produce zoned phenocrysts like those within the southwestern and 
sample GRWY6 rhyolite flows.  Additionally, fractional crystallization and localized 
crustal contamination could have influenced the heterogeneous chemistries of individual 
magma zones.  This model also provides the best explanation for the intermingled nature 
of the Gibbon River flows.  During eruption of the homogeneous main flow magma, the 
eruption probably also tapped deeper magma zones, erupting a heterogeneous Gibbon 
River flow, dominantly composed of homogeneous main Gibbon River flow.   
 Alternatively, the heat maintaining the hot, homogeneous magma body could also 
have locally remobilized cooler crystalline mushes (Bachmann and Bergantz, 2004; 
Bachmann and Bergantz, 2008) within the Roaring Mountain silicic magma system 
(Figure 11.12).  A similar model was proposed for the adjacent Yellowstone Caldera 
post-collapse, intracaldera rhyolites of the Upper Basin Member, which are interpreted as 
being individually produced as remobilized crystal mush magma batches (Girard and 
Stix, 2009).  The magma batches of the Upper Basin Member are interpreted as being 
generally unrelated to the other post-collapse rhyolites within the member (Girard and 
Stix, 2009).  This remobilized crystal mush model would allow for the creation of small, 
crystal-rich magma batches in the proximity of the silicic magma of the main Gibbon 
River flow that are unrelated to each other and the main flow of the Gibbon River (Figure 
11.12).  The remobilization of these mushes’ cold phenocrysts and their incorporation 
into a hot magma batch could account for the cold core, hot rim temperature pattern seen 
within the quartz of the southwestern flow.  Additionally, these remobilized crystals may 
exhibit relict complex compositional zoning produced during initial crystallization that is 
retained within the phenocrysts erupted from these mush melts.  The inclusions within 
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phenocrysts of the southwestern flow and the lava represented by sample GRWY6 could 
have been remobilized crystals that continued to precipitate within their remobilized 
magmas.  The eruption of any of the Gibbon River rhyolite magmas may have intersected 
the main Gibbon River magma system or the melt pockets of the southwestern flow and 
the GRWY6 magma, causing the concurrent eruption of all three lavas.   
 If the Gibbon River rhyolites evolved within a chemically stratified magma system, 
the zircons analyzed from sample GRWY6 should be representative of the entire Gibbon 
River eruption.  The individual model ages (116 to 211 ka) and the 230Th/238U 
disequilibrium age of 105 ka calculated for these zircons indicates the magma system that 
produced the Gibbon River rhyolites was evolving up to 160 ka before eruption.  Since 
the Crystal Spring and Obsidian Cliff rhyolites erupted <18 ka before the eruption of the 
Gibbon River rhyolites, the zircons within the Roaring Mountain magma system 
apparently survived superheating and the apparent resorption of nearly all silicic 
phenocrysts.  Thus, the time period of magma storage and evolution for the entire 
Roaring Mountain magma system is interpreted as ~160 ka.   
 If the magma represented by GRWY6 was a remobilized crystal mush, independent 
from the Crystal Spring/Obsidian Cliff and main Gibbon River flows, then the zircons 
analyzed for 230Th/238U could have been incorporated into the GRWY6 magma from the 
remobilized crystal mush.  Alternatively, the zircons could have crystallized within the 
magma represented by GRWY6, suggesting that magma was evolving up to 106 ka 
before eruption.  Thus, the time period of magma storage and evolution recorded within 
the zircons would not represent the Crystal Spring/Obsidian Cliff and main Gibbon River 
flow magma system.   
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 Interestingly, the zircons analyzed for 230Th/238U (136 ka disequilibrium age with 
individual model ages ranging from 94 to 269 ka) by Vazquez and Reid (2002) were 
sampled from the “cliff on [the] east side of Gibbon Canyon.”  This cliff is composed of 
both the main flow and the southwestern flow of the Gibbon River rhyolites (Figure 4.2).  
If the southwestern flow was sampled, this suggests that the for a remobilized crystal 
mush model, the southwestern mush evolved and crystallized during the same time 
period as the remobilized crystal mush of the magma represented by GRWY6.  If the 
main flow was sampled by Vazquez and Reid (2002), for either model, the Roaring 
Mountain magma system was established and evolving ~217 ka before eruption of the 
Gibbon River rhyolites.   
 The Gibbon River rhyolites erupted from the Roaring Mountain magma system at 
52.0 ± 8.5 ka as a heterogeneous flow consisting of at least three magma compositions.  
Based on the uncertain geochemical relationship between the three Gibbon River rhyolite 
flow samples, the remobilization of a silicic crystal mush by heat generated from the 
mafic underplating beneath Norris Mammoth Corridor and the mafic injection into the 
Roaring Mountain silicic magma system is favored as the model describing the 
generation of the southwestern Gibbon River flow and the lava represented by sample 
GRWY6.  This model requires a more complex eruption situation however, without 
geochemical evidence linking the three Gibbon River units, a model with three 
independent magma batches best describes the production of the Gibbon River rhyolites.   
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
169
Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
Crystal Spring
Flow Obsidian Cliff
Flow Central PlateauMember
Underplating
Basalt
Gibbon River Silicic Magma System
N S
B
A
C
Crystal Mush
A
B
An  Ab      Or      2       39-42      56-59
An  Ab      Or      2       46-49      49-52
An    Ab      Or      2-3       50-53      45-47
An    Ab      Or      3-4       54-58      39-42
An  Ab      Or      5       63-65      30-32
An      Ab      Or      18-19       72-74      8-10
An       Ab      Or      23-25       68-70      7-10
Feldspar Compositions
*Not all phenocrysts present shown.
Crystal Spring
Flow Obsidian Cliff
Flow Central PlateauMember
heat
heat
contamination
mafic
FXL
FXL
FXL
Underplating
Basalt
Gibbon River Silicic Magma System
C
A
N S
B
C
S1
S1
S2
S2
S4
S4
S5
S6
P1
S2
S3S5
S6
Quartz
mafic
10 2 3 4 5
0
100
200
300
400
Sr
Ta
0
10
20
30
40
Th
10 20 30 40 50 60
10
30
50
70
90
La
Nb
20 40 60 80 100
Gibbon River
sample
Crystal
Spring
sample
Obsidian Cliff
sample
Obsidian
Cliff
sample
Crystal
Spring
sample
Gibbon River
sample
5
7
9
11
13
15
Gd
Y
4
6
8
10
12
14
16
18
20
Dy
20 40 60 80 100
0.3
0.5
0.7
0.9
1.1
1.3
Lu
Y
10 20 30 40 50 60
0
1
2
3
4
5
Ta
Nb
0.0
0.5
1.0
1.5
2.0
2.5
Eu
0
100
200
300
Rb
0 100 200 300
0
10
20
30
40
Th
Rb
0 1 2 3 4 5
0.3
0.5
0.7
0.9
1.1
1.3
Lu
Ta0.0
0.5
1.0
1.5
2.0
2.5
3.0
TiO2
45 50 55 60 65 70 75 80
0
2
4
6
8
10
12
CaO
SiO2
.1
1
10
100
1000
RbBaTh U NbTa K LaCeSr NdSmZr Ti Gd Y
R
oc
k/
C
ho
nd
rit
es
b
.001
.01
.1
1
10
100
CsRbBaTh U Nb K LaCePbPr Sr P NdZrSmEuTi Dy Y YbLu
R
oc
k/
O
IB
a
.1
1
10
100
1000
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
.1
1
10
100
1000
Rb Ba Th U Nb Ta K La Ce Sr Nd Sm Zr Ti Gd Y
R
oc
k/
C
ho
nd
rit
es
R
oc
k/
C
ho
nd
rit
es
.111010
0
10
00
.111010
0
10
00
Rock/Chondrites
Rock/Chondrites
a
c
11010
0
10
00
R
b
B
a
Th
U
N
b
Ta
K
La
C
e
S
rN
dS
m
Zr
Ti
G
d
Y
.1
.1
11010
0
10
00
La
C
e
P
r
N
d
P
m
S
m
E
u
G
d
Tb
D
y
H
o
E
r
Tm
Y
b
Lu
Rock/Chondrites
Rock/Chondrites
b
d
.111010
0
10
00
R
b
B
a
Th
U
N
b
Ta
K
La
C
e
S
rN
dS
m
Zr
Ti
G
d
Y
.111010
0
10
00
La
C
e
P
r
N
d
P
m
S
m
E
u
G
d
Tb
D
y
H
o
E
r
Tm
Y
b
Lu
Rock/Chondrites
Rock/Chondrites
b
d
.111010
0
10
00
Rock/Chondrites
Rock/Chondrites
.111010
0
10
00
a
c
0 100 200 300
0
10
20
30
40
Th
Rb
20 40 60 80 100
10
20
30
40
50
60
Nb
Y
0 1 2 3 4 5 6 7 8 9
0
2
4
6
8
10
12
CaO
MgO
Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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Figure 11.11. (Top) Representation of a 
compositionally layered Gibbon River 
silicic magma system beneath the Norris-
Mammoth Corridor.  Shown underplated by 
basalt, and with the Crystal Spring and 
Obsidian Cliff flows already erupted from 
system.  Boxed capital letters (i.e. A, B, C) 
correspond to hypothetical locations of 
phenocryst details (at right).  (At Right) 
Diagrams depicting the compositional 
variations between phenocrysts of the three 
Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and 
(C) lava represented by sample GRWY6.
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Figure 11.1. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between Obsidian Cliff rhyolite OCWY2 and Crystal Spring 
mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  Swan Lake Flat 
Basalt (  ) and Osprey Basalt (  ) samples are shown for comparison (Bennett, 2006).
Figure 11.6. Major and trace element diagrams for the Gibbon River lavas (   ), Obsid-
ian Cliff lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown 
with a mixing line modeled between main flow of the Gibbon River rhyolite GRWY7O 
and Crystal Spring mafic enclave CSWY1E.  Mixing lines are marked at 5% intervals.  
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Figure 11.7. Trace element diagrams for the Gibbon River lavas (   ), Obsidian Cliff 
lavas (  ), Crystal Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a 
fractional crystallization model of Obsidian Cliff rhyolite OCWY2.  Arrow indicates 
direction of increasing crystallization.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.5. Trace element diagrams of Crystal Spring andesitic enclave sample 
CSYW1GE (  ) overlain with a best-fit, mixing model (  ).  CSWY1GE can be produced 
by mixing ~75% CSWY1E with ~25% OCWY2.  Parent magmas Obsidian Cliff rhyolite 
OCWY2 (  ) and Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for 
reference.  Diagram (a) formatted after Sun & McDonough (1989); (b) formatted after 
Sun (1980). OIB is Ocean Island Basalt. 
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Figure 11.4. Trace element diagrams of Crystal Spring mingled rhyolite CSWY4 (  ) 
overlain with a best-fit, mixing model (  ).  CSWY4 can be produced by mixing 98% 
OCWY2 with 2% CSWY1E.  Parent magmas Obsidian Cliff rhyolite OCWY2 (  ) and 
Crystal Spring mafic enclave CSWY1E (  ) are shown in (a) for reference.  Diagram (a) 
formatted after Sun & McDonough (1989); (b) formatted after Sun (1980).
Figure 11.10. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Crystal Spring mingled rhyolite 
mafic enclaves (  ) shown with an assimilation and fractional crystallization model of the 
main flow of the Gibbon River rhyolite GRWY7O, assimilated with the Crystal Spring 
mafic enclave CSWY1E.  R = 0.1.  Fractional crystallization lines are marked at 5% 
intervals. 
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Figure 11.9. Trace element diagrams comparing the Gibbon River main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), Obsidian Cliff rhyolite (  ), Crystal 
Spring rhyolite (   ), and the Crystal Spring mingled rhyolite mafic enclave (  ) samples of 
this study to the Roaring Mountain Member samples (    ) collected by Nastanski (2005). 
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Figure 11.12. A representation of the GIbbon River silicic magma system with a main 
magma system separated from several remobilized crystal mush melts.  Boxed captial 
letters (i.e. A, B, C) correspond to the phenocryst diagrams depicted in Figure 11.11 and 
correspond to hypothetical locations of the three Gibbon River rhyolite magmas: (A) the 
main flow, (B) the southwestern flow, and (C) lava represented by sample GRWY6. 
Figure 11.8. Trace element diagrams for the Gibbon River rhyolite main flow (   ), 
southwestern flow (  ), and sample GRWY6 (   ), and the Obsidian Cliff lavas (  ), Crystal 
Spring mingled rhyolites (   ), and mafic enclaves (  ) shown with a mixing line modeled 
between main flow of the Gibbon River rhyolite GRWY7O and Crystal Spring mafic 
enclave CSWY1E.  Mixing lines are marked at 5% intervals. 
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CHAPTER 12 
CONCLUSIONS 
 Petrography, geochemistry, and electron microprobe analyses suggest that the Crystal 
Spring mingled rhyolites, Obsidian Cliff rhyolite, and the main flow of the Gibbon River 
rhyolites were all generated within a single, large-scale, coherent silicic magma system 
beneath the Norris-Mammoth Corridor in the Yellowstone Volcanic Field.  The Gibbon 
River flow consists of three rhyolite units: the main flow, the southwestern flow, and a 
flow represented by sample GRWY6.  The relationship of the southwestern Gibbon River 
flow and the lava represented by GRWY6 to the Crystal Spring/Obsidian Cliff and main 
Gibbon River flow magma system is still unclear.  They may have developed as small, 
independent melts or have evolved within a zoned main Gibbon River flow magma 
system.  
 Prior to eruption of the Crystal Spring and Obsidian Cliff lavas, the Roaring 
Mountain silicic magma system was superheated by basaltic magma injection.  This 
mafic magma was a tholeiitic basalt similar in composition to the Swan Lake Flat basalts 
(Hildreth et al., 1991; Christiansen, 2001).  This mafic injection superheated the silicic 
magma, rapidly convecting and homogenizing the silicic magma and likely resorbing all 
rhyolitic phenocrysts.  This mafic injection also mingled and locally mixed with the 
silicic magma.  The homogeneous, unmingled portion of the silicic magma erupted as the 
Obsidian Cliff lava flow, and the mixed and mingled magma of the system erupted as the 
Crystal Spring mingled lavas.  The Obsidian Cliff lava is an aphyric, homogeneous 
obsidian with local outcrops of a pumiceous carapace.  The Obsidian Cliff rhyolite 
contains fayalite and, rarely, mafic glomerocrysts, though no mafic enclaves were 
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observed within the flow.  The Crystal Spring mingled lavas are glassy rhyolites 
containing mafic crystals and glomerocrysts, and variously sized basaltic to andesitic 
enclaves.  The Crystal Spring mingled rhyolite contains up to ~25% mafic material.  The 
Crystal Spring mingled rhyolite and the Obsidian Cliff rhyolite erupted concurrently in 
59.1 ± 2.0 ka, probably from two separate vents that are connected along one of the 
area’s numerous faults.   
 After eruption of the Crystal Spring and Obsidian Cliff lavas, the residual magma 
continued evolving by fractional crystallization.  The fractionating system began cooling, 
but maintained high temperatures (840-995°C, as determined by Ti-quartz 
geothermometry), before erupting as the main flow of the Gibbon River rhyolites at 52.0 
± 8.5 ka.  Two-feldspar geothermometry indicates the main flow erupted at lower 
temperatures (between 796°C and 827°C) than calculated by Ti-quartz geothermometry.  
The main flow of the Gibbon River rhyolites is a sparsely porphyritic to porphyritic 
rhyolite containing homogeneous, unzoned sanidine, quartz, plagioclase, pyroxene, 
amphibole, magnetite, and zircon.   
 The southwestern Gibbon River flow and the lava represented by GRWY6 may have 
evolved independently of the Crystal Spring, Obsidian Cliff and main Gibbon River flow 
magmas.  The heat from the mafic magma injected into the Crystal Spring/Obsidian Cliff 
magma may have remobilized adjacent crystal mushes, generating small, independently 
evolving magma batches.  These melts intersected the magma of the main flow of the 
Gibbon River rhyolites at some point prior to eruption and were concurrently erupted 
together with the main Gibbon River flow.   
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 Alternatively, the magma system of the main flow of the Gibbon River rhyolites 
could have become chemically and/or thermally stratified by heat and volatiles from an 
underlying mafic component.  At the top of this zoned system, the magma of the main 
Gibbon River flow evolved with the magmas of the southwestern flow and the lava 
represented by GRWY6 developing at increasingly lower depths, respectively, within the 
system.  When the Gibbon River rhyolites erupted concurrently at 52.0 ± 8.5 ka, the 
eruption tapped multiple levels of the magma system, creating a heterogeneous lava flow.  
 Titanium-in-Quartz geothermometry indicates that during the period just prior to 
eruption, the southwestern flow of the Gibbon River rhyolites evolved at high 
temperatures (between 860°C and 970°C, high temperature rims).  The cores of the 
southwestern flow quartz indicate this was preceded by a low temperature growth period, 
though it is unclear if these cores crystallized within the magma of the southwestern flow 
or are relict to a remobilized crystal mush.  Like the main Gibbon River flow, two-
feldspar geothermometry suggests the southwestern flow erupted at ~820°C.  The 
southwestern flow is a porphyritic rhyolite containing zoned sanidine and quartz, and 
plagioclase, pyroxene, fayalite, magnetite, and zircon, with local outcrops of mahogany 
obsidian.  The third Gibbon River rhyolite, represented by GRWY6, also evolved at high 
magma temperatures (between 890°C and 1006°C, as determined by Ti-quartz 
geothermometry).  Sample GRWY6 is a porphyritic rhyolite containing zoned sanidine 
and quartz, and fayalite, pyroxene, amphibole, magnetite, ilmenite, and zircon.   
 230Th/238U zircon geochronology agrees with work by Vazquez and Reid (2002) 
indicating the presence of a population of zircons that record a single crystallization 
episode, which crystallized beneath the Gibbon River flow.  The zircon began 
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crystallizing ~160 ka before they were erupted within the Gibbon River rhyolites.  The 
individual zircon model ages also (116 ± 18 to 211 ± 64 ka) overlap with the eruption 
ages of the last Obsidian Creek Member rhyolites (Gibbon Hill rhyolite at 134.3 ± 2.6 ka 
and Paintpot Hill rhyolite at 208.1 ± 4.9 ka) (Nastanski, 2005).  This supports isotopic 
evidence linking the Obsidian Creek Member rhyolites and the Roaring Mountain 
Member rhyolites (Nastanski and Spell, 2004a; Nastanski and Spell, 2004b; Nastanski, 
2005).  Whether the southwestern Gibbon River flow and the lava represented by 
GRWY6 evolved within the magma system of the main Gibbon River flow or were 
rejuvenated crystal mushes, these data suggest that zircons from residual Obsidian Creek 
Member magma were erupted within the Gibbon River rhyolites.   
 The Obsidian Creek magma system developed at ~450 ka (Spell and Nastanski, 2004) 
with continued rhyolite and mingled rhyolite eruptions until 134 ka (Nastanski, 2005).  
The Obsidian Creek silicic magma system likely became the Roaring Mountain silicic 
system with the injection of a basaltic magma.  Mingling and mixing with the mafic 
injection reverted the silicic magma system to a more primitive chemistry.  From this 
mingled system the Crystal Spring and Obsidian Cliff lavas erupted at 59 ka.  The latest 
Roaring Mountain eruption was at 52 ka with the Gibbon River rhyolite flow.   
 The presence of this young, long-lived, large-scale silicic magma system beneath the 
Norris-Mammoth Corridor, combined with the area’s high geothermal flux (Kharaka et 
al., 2000) and high earthquake and geophysical activity (Wicks et al., 2006; Christiansen 
et al., 2007), presents this area as the most geologically active site within the Yellowstone 
Volcanic Field.  While there is also significant geothermal and geophysical activity 
within the Yellowstone Caldera (Kharaka et al., 2000; Wicks et al., 2006; Christiansen et 
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al., 2007), the site of a large-scale, caldera-forming silicic eruption would be expected to 
remain geologically active for a significant time period, even after its final volcanic 
eruption.  In contrast, the extracaldera eruptions of the Obsidian Creek and Roaring 
Mountain rhyolites may represent the initial stages of development of a new large-scale, 
possibly caldera-forming silicic magma system.  So, while the Yellowstone Caldera is the 
site of the last large-scale, caldera-forming eruption, the next caldera-forming eruption 
could be developing beneath the Norris-Mammoth Corridor within the young Obsidian 
Creek/Roaring Mountain magma system.   
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APPENDIX B 
XRF AND ICP-MS MAJOR AND TRACE 
ELEMENT GEOCHEMISTRY DATA 
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Table B.1. Major and trace element analyses of samples  
Sample GRWY1 GRWY3 GRWY6 GRWY7O GRWY9 GRWY10 
SiO2 77.47 75.90 75.51 76.91 76.57 76.71 
Al2O3 12.31 12.04 11.92 12.12 12.10 12.10 
TiO2 0.15 0.14 0.23 0.07 0.07 0.07 
FeO 1.29 1.25 2.06 1.11 1.11 1.11 
MnO 0.02 0.02 0.05 0.02 0.02 0.02 
CaO 0.54 0.52 0.65 0.42 0.43 0.42 
MgO 0.08 0.07 0.03 0.03 0.03 0.03 
K2O 5.21 5.12 5.08 4.82 4.81 4.80 
Na2O 3.44 3.41 3.63 3.96 3.94 3.93 
P2O5 0.03 0.01 0.01 0.01 0.01 0.01 
LOI (%) 0.23 1.18 0.18 0.36 0.30 0.36 
Total 100.55 98.49 99.18 99.46 99.09 99.20 
La 75.57 69.69 86.94 43.33 43.83 43.14 
Ce 131.01 129.85 176.49 93.76 94.19 93.55 
Pr 15.04 14.16 19.90 11.59 11.59 11.58 
Nd 54.26 49.78 74.82 44.66 44.75 44.89 
Sm 10.72 9.85 15.93 12.65 12.63 12.64 
Eu 0.63 0.59 2.31 0.09 0.09 0.08 
Gd 9.42 8.62 14.79 13.89 13.94 13.96 
Tb 1.55 1.44 2.46 2.72 2.69 2.71 
Dy 9.31 8.51 14.95 17.39 17.35 17.43 
Ho 1.82 1.68 2.98 3.54 3.52 3.55 
Er 4.85 4.44 7.96 9.57 9.68 9.70 
Tm 0.69 0.64 1.14 1.42 1.42 1.42 
Yb 4.20 3.82 7.07 8.47 8.43 8.50 
Lu 0.62 0.57 1.07 1.24 1.22 1.24 
Ba 419.33 440.48 878.32 19.22 23.13 22.65 
Th 20.67 20.25 19.57 34.67 34.40 34.55 
Nb 22.58 22.28 57.56 55.35 54.73 55.45 
Y 47.91 43.40 74.67 94.76 94.16 94.74 
Hf 6.38 6.33 13.98 8.57 8.53 8.48 
Ta 1.73 1.68 3.68 4.39 4.33 4.40 
U 3.80 3.78 4.26 8.35 8.31 8.38 
Pb 24.68 28.53 29.26 42.23 41.88 42.00 
Rb 149.12 145.90 134.91 286.91 284.54 286.57 
Cs 1.72 2.52 1.90 6.65 6.65 6.67 
Sr 26.81 22.06 11.07 1.69 2.08 1.82 
Sc 1.85 1.89 1.86 1.11 1.17 1.18 
Zr 173.10 172.07 470.05 152.72 153.46 152.78 
Ni     3.30 2.71 3.17 4.61 4.09 4.09 
Cr     1.60 0.00 0.00 0.00 1.10 0.80 
V      2.20 2.40 0.00 0.90 0.00 0.40 
Ga 20.10 19.90 25.20 28.10 26.70 25.90 
Cu 3.50 2.10 1.80 2.90 1.70 2.20 
Zn 46.10 59.70 115.70 87.30 85.60 88.10 
Major elements are unnormalized (wt. %).  Total = the sum of the major element analyses 
including LOI values.  Trace elements are ppm.  Major elements and Ni, Cr, V, Ga, Cu, & 
Zn analyzed by XRF; all other trace elements analyzed by ICP-MS. 
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Table B.1. Major and trace element analyses of samples (continued) 
Sample GRWY12 GRWY15 OCWY2 OCWY5 OCWY6 OCWY8 
SiO2 77.11 76.34 76.68 75.59 76.87 76.80 
Al2O3 12.17 12.04 11.99 11.92 12.01 12.00 
TiO2 0.07 0.07 0.08 0.08 0.08 0.08 
FeO 1.10 1.09 1.13 1.10 1.12 1.13 
MnO 0.02 0.02 0.02 0.02 0.02 0.02 
CaO 0.42 0.41 0.44 0.43 0.43 0.43 
MgO 0.03 0.03 0.06 0.03 0.04 0.04 
K2O 4.89 4.80 4.92 4.89 4.93 4.95 
Na2O 3.92 3.92 3.78 3.64 3.75 3.74 
P2O5 0.01 0.01 0.01 0.01 0.01 0.01 
LOI (%) 0.33 0.31 0.22 1.93 0.33 0.25 
Total 99.74 98.73 99.11 97.72 99.26 99.19 
La 43.44 43.51 61.85 61.43 61.52 61.26 
Ce 93.75 93.75 123.29 123.42 122.83 122.48 
Pr 11.57 11.59 14.23 14.15 14.16 14.09 
Nd 44.62 45.12 52.33 51.84 52.00 51.47 
Sm 12.70 12.76 12.43 12.35 12.34 12.25 
Eu 0.08 0.10 0.16 0.16 0.16 0.16 
Gd 14.00 14.12 12.56 12.50 12.56 12.47 
Tb 2.72 2.73 2.30 2.28 2.29 2.29 
Dy 17.26 17.50 14.47 14.29 14.40 14.37 
Ho 3.52 3.51 2.90 2.90 2.89 2.87 
Er 9.58 9.68 7.79 7.79 7.80 7.71 
Tm 1.40 1.42 1.14 1.12 1.13 1.12 
Yb 8.54 8.59 6.77 6.79 6.84 6.79 
Lu 1.24 1.23 1.00 1.00 1.00 0.99 
Ba 21.66 19.68 35.48 41.73 35.33 35.10 
Th 34.52 34.65 30.13 30.15 30.20 29.89 
Nb 55.14 55.72 42.89 43.00 42.90 42.57 
Y 94.62 95.25 76.83 76.67 77.00 76.40 
Hf 8.50 8.54 7.80 7.77 7.68 7.69 
Ta 4.35 4.40 3.34 3.35 3.33 3.30 
U 8.36 8.40 6.73 6.69 6.74 6.68 
Pb 42.01 41.83 36.07 36.19 35.92 35.75 
Rb 286.87 289.84 237.52 236.27 238.20 236.33 
Cs 6.61 6.68 5.14 5.09 5.05 5.05 
Sr 1.60 2.67 2.51 2.52 2.54 2.46 
Sc 1.20 1.26 1.44 1.53 1.50 1.47 
Zr 153.39 153.86 159.62 160.08 159.32 159.60 
Ni     3.37 3.89 2.37 2.85 2.68 3.35 
Cr     0.20 0.30 0.00 1.10 0.60 0.00 
V      0.00 0.00 0.00 0.00 0.00 0.00 
Ga 26.60 26.70 25.40 24.40 24.90 23.90 
Cu 2.50 2.30 4.20 3.00 2.50 1.70 
Zn 85.10 85.60 71.90 73.20 69.90 71.80 
Major elements are unnormalized (wt. %).  Total = the sum of the major element analyses 
including LOI values.  Trace elements are ppm.  Major elements and Ni, Cr, V, Ga, Cu, & 
Zn analyzed by XRF; all other trace elements analyzed by ICP-MS. 
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Table B.1. Major and trace element analyses of samples (continued) 
Sample OCWY11 OCWY12 OCWY14 CSWY1 CSWY1GE a CSWY1E 
SiO2 76.01 76.98 76.24 71.11 57.25 49.70 
Al2O3 11.96 12.04 11.92 12.74 14.74 15.53 
TiO2 0.08 0.08 0.08 0.40 1.20 1.95 
FeO 1.11 1.11 1.10 3.01 7.84 10.98 
MnO 0.02 0.02 0.02 0.05 0.13 0.17 
CaO 0.43 0.44 0.43 2.57 8.01 10.81 
MgO 0.04 0.03 0.03 1.64 5.69 7.66 
K2O 4.91 4.94 5.51 3.97 1.46 0.36 
Na2O 3.70 3.77 3.33 3.53 3.01 2.66 
P2O5 0.01 0.01 0.01 0.05 0.19 0.24 
LOI (%) 1.12 0.28 0.21 0.07 0.18 -0.31 
Total 98.27 99.41 98.67 99.08 99.52 100.06 
La 62.02 61.35 61.79 51.99 28.36 13.90 
Ce 123.44 121.95 123.08 103.80 55.98 30.74 
Pr 14.24 14.09 14.21 12.04 6.75 4.20 
Nd 52.44 51.46 52.04 44.56 26.78 18.93 
Sm 12.48 12.32 12.38 10.62 6.51 4.97 
Eu 0.15 0.15 0.16 0.48 1.22 1.79 
Gd 12.57 12.49 12.53 10.83 6.63 5.46 
Tb 2.30 2.28 2.30 1.95 1.15 0.90 
Dy 14.37 14.23 14.27 12.12 7.02 5.43 
Ho 2.89 2.85 2.89 2.42 1.38 1.07 
Er 7.86 7.69 7.84 6.57 3.65 2.67 
Tm 1.14 1.13 1.14 0.95 0.51 0.37 
Yb 6.87 6.79 6.85 5.70 3.08 2.14 
Lu 1.00 0.98 1.00 0.84 0.46 0.32 
Ba 36.28 35.13 35.06 71.38 138.94 154.16 
Th 30.26 29.89 30.06 23.81 8.52 1.18 
Nb 43.09 42.40 43.09 35.32 18.50 13.29 
Y 77.06 76.00 77.07 64.15 35.25 25.87 
Hf 7.73 7.62 7.67 6.75 4.02 3.29 
Ta 3.35 3.31 3.33 2.74 1.32 0.81 
U 6.71 6.66 6.74 5.29 1.84 0.28 
Pb 36.02 35.62 35.74 28.14 10.92 1.88 
Rb 238.18 235.71 246.39 185.69 57.22 6.10 
Cs 5.06 5.06 5.06 3.90 1.12 0.08 
Sr 2.60 2.52 2.33 75.66 251.95 317.80 
Sc 1.50 1.47 1.53 8.14 24.43 31.81 
Zr 160.63 157.68 159.61 149.59 117.60 124.54 
Ni     2.68 3.44 3.28 17.47 52.52 96.76 
Cr     0.70 0.90 0.50 26.80 96.30 252.90 
V      0.00 0.00 0.20 48.80 180.90 242.40 
Ga 24.30 23.40 23.50 22.80 19.60 18.20 
Cu 2.50 2.60 1.10 8.80 30.70 52.00 
Zn 71.00 70.20 71.20 75.00 93.00 97.90 
a Analyses of CSWY1GE are taken from a small mafic enclave within sample CSWY1. 
Major elements are unnormalized (wt. %).  Total = the sum of the major element analyses 
including LOI values.  Trace elements are ppm.  Major elements and Ni, Cr, V, Ga, Cu, & Zn 
analyzed by XRF; all other trace elements analyzed by ICP-MS. 
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Table B.1. Major and trace element analyses of samples (continued) 
Sample CSWY1ME CSWY2 CSWY3 CSWY3V CSWY4 
SiO2 49.04 74.63 76.35 72.55 76.34 
Al2O3 15.16 12.52 12.14 12.72 12.07 
TiO2 2.10 0.26 0.13 0.34 0.11 
FeO 11.70 2.19 1.41 2.71 1.27 
MnO 0.18 0.04 0.03 0.05 0.03 
CaO 10.88 1.58 0.75 2.11 0.60 
MgO 7.49 0.91 0.27 1.31 0.17 
K2O 0.38 4.48 4.79 4.18 4.85 
Na2O 2.75 3.64 3.72 3.56 3.73 
P2O5 0.25 0.03 0.01 0.04 0.01 
LOI (%) -0.01 0.19 0.26 0.29 0.22 
Total 99.94 100.28 99.62 99.58 99.17 
La 14.50 57.65 59.85 53.93 60.89 
Ce 32.13 114.18 118.77 107.25 120.81 
Pr 4.41 13.23 13.79 12.55 14.02 
Nd 19.74 48.59 50.44 46.15 51.24 
Sm 5.15 11.51 12.14 11.11 12.20 
Eu 1.88 0.36 0.21 0.41 0.17 
Gd 5.71 11.54 12.31 11.23 12.46 
Tb 0.95 2.09 2.23 2.04 2.26 
Dy 5.67 13.03 13.99 12.62 14.23 
Ho 1.10 2.60 2.84 2.53 2.86 
Er 2.83 7.03 7.63 6.82 7.80 
Tm 0.39 1.01 1.09 0.98 1.12 
Yb 2.29 6.08 6.72 5.94 6.70 
Lu 0.34 0.89 0.97 0.87 0.99 
Ba 154.86 68.79 39.63 65.43 36.48 
Th 1.19 26.28 29.06 25.13 29.63 
Nb 13.85 37.20 40.89 36.78 41.86 
Y 27.12 67.78 74.24 66.27 75.59 
Hf 3.44 7.15 7.50 6.92 7.61 
Ta 0.86 2.92 3.25 2.87 3.30 
U 0.29 5.81 6.45 5.56 6.56 
Pb 2.13 31.15 34.58 29.92 35.28 
Rb 6.07 200.71 228.05 195.65 234.26 
Cs 0.08 4.25 4.90 4.18 5.01 
Sr 313.91 41.98 13.35 60.37 8.26 
Sc 32.79 4.56 2.33 6.52 1.94 
Zr 129.90 156.11 157.63 152.35 160.41 
Ni     89.98 10.00 4.78 15.07 4.55 
Cr     234.80 15.20 4.50 21.80 1.20 
V      263.70 26.00 7.60 40.00 2.70 
Ga 19.70 23.50 24.00 24.40 22.60 
Cu 61.00 6.50 4.90 10.10 2.50 
Zn 104.90 75.00 72.70 75.60 73.50 
Major elements are unnormalized (wt. %).  Total = the sum of the major element 
analyses including LOI values.  Trace elements are ppm.  Major elements and Ni, Cr, V, 
Ga, Cu, & Zn analyzed by XRF; all other trace elements analyzed by ICP-MS. 
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Table B.2. XRF instrumental precision for major and trace element analyses 
Unnormalized Major Element Results (wt.%) 
 Result 
Standard 
Deviation 
SiO2 68.45 0.18 
Al2O3 15.35 0.11 
TiO2 0.667 0.004 
FeO 3.86 0.04 
MnO 0.038 0.001 
CaO 2.02 0.01 
MgO 1.10 0.10 
K2O 5.56 0.09 
Na2O 2.91 0.05 
P2O5 0.287 0.003 
Total 100.24 0.36 
 
Normalized Major Element Results (wt.%) 
SiO2 68.29 0.09 
Al2O3 15.31 0.07 
TiO2 0.666 0.004 
FeO 3.85 0.01 
MnO 0.037 0.001 
CaO 2.01 0.01 
MgO 1.09 0.10 
K2O 5.55 0.07 
Na2O 2.90 0.05 
P2O5 0.286 0.002 
 
Trace Element Results (ppm) 
Ni 16 1 
Cr 16 2 
Sc 4 2 
V 54 5 
Ba 1294 9 
Rb 253 1 
Sr 233 1 
Zr 527 1 
Y 30 1 
Nb 27.4 0.5 
Ga 23 1 
Cu 31 2 
Zn 103 2 
Pb 53 2 
La 184 10 
Ce 399 10 
Th 106 2 
Precision measured over an eight month period on 
Washington State University standard GSP-1 
(Johnson et al., 1999). 
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Table B.3. ICP-MS instrumental precision for trace element analyses 
± 2 σ (ppm) 
La 0.98 
Ce 1.24 
Nd 0.96 
Sm 0.3 
Eu 0.08 
Gd 0.16 
Tb 0.02 
Dy 0.2 
Ho 0.04 
Er 0.12 
Tm 0.02 
Yb 0.06 
Lu 0.02 
Ba 25.36 
Th 0.98 
Y 0.58 
Hf 0.14 
Ta 0.04 
U 0.22 
Pb 0.58 
Rb 1.34 
Cs 0.06 
Sr n.d 
Sc n.d 
Zr n.d 
Precision measured over a four month period on 
Washington State University standard BCS-P 
(Knaack et al., 1994). 
No data (n.d.) were reported for Sr, Sc, and Zr. 
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APPENDIX C 
ELECTRON MICROPROBE POINT ANALYSES 
OF GIBBON RIVER RHYOLITE SAMPLES 
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APPENDIX G 
TWO-FELDSPAR GEOTHERMOMETRY ANALYSES 
OF GIBBON RIVER RHYOLITE SAMPLES 
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Table G.1. Electron Microprobe Feldspar Analyses Used to Calculate Two-Feldspar 
Temperatures for Gibbon River Sample GRWY1 
Sanidine Analysis 
Number a An Ab Or 
2-Feldspar Temp. 
Analysis No. b 
S1-30 2.27 46.75 50.98 T01 
S1-1010 1.63 48.27 50.09 T02 
S2-0 3.41 47.15 49.45 T03 
S2-895 2.27 48.14 49.59 T04 
S4-0 3.11 58.02 38.87 T05 
S4-300 3.10 55.92 40.98 T06 
S5-0 3.15 54.95 41.90 T07 
S5-550 2.79 48.53 48.67 T08 
S6-0 3.17 50.84 45.98 T09 
S6-1610 4.66 52.87 42.48 T10 
S1R1 2.35 42.73 54.92 T11 
S2R1 2.24 46.11 51.65 T12 
S4R1 3.40 52.83 43.77 T13 
S6R1 2.23 44.53 53.24 T14 
Plagioclase Analysis    
 
P1R1 24.58 68.26 7.16 
a Sanidine analysis numbers correspond to the analyzed GRWY1 sanidine number (S1 to 
S6) combined with the length along the analyzed traverse of the specific analysis (Tables 
D.1 through D.5, Appendix D) or the GRWY1 rim point analysis number (Table C.1, 
Appendix C). 
b The listed sanidine analyses were paired with plagioclase analysis P1R1 (Table C.5, 
Appendix C) to calculate the corresponding two-feldspar temperature analyses (found in 
Table G.2). 
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Table G.2. Calculated Two-Feldspar Temperatures for Gibbon River Sample GRWY1 
 
Calculated Equilibrium 
Temperatures (°C)  
2-Feldspar Temp. 
Analysis No. a 
TAb TOr TAn 
Calculated Temperature 
(°C) b 
T01 901.17 745.77 735.95 - 
T02 958.24 746.38 633.70 - 
T03 885.22 787.45 826.37 806.9 
T04 926.43 745.23 697.32 - 
T05 830.58 715.94 715.94 - 
T06 848.91 729.98 729.98 - 
T07 857.79 738.51 738.51 - 
T08 910.32 743.88 733.74 - 
T09 937.21 740.77 697.14 - 
T10 868.91 776.51 824.79 - 
T11 860.66 793.34 841.53 851.1 
T12 892.85 751.69 751.69 - 
T13 969.10 737.45 653.83 - 
T14 882.22 797.42 798.42 797.9 
Average: 818.6 
a Analysis numbers from Table G.1. 
b Analysis T03, T11, and T14 produced close-to-equilibrium temperatures and their 
calculated temperature is the average of the two concordant temperatures (i.e. those 
within ± 40°C of each other).  The other analyses produced discordant, 
nonequilibrium feldspar pairs and have no calculated crystallization temperature 
(Fuhrman and Lindsley, 1988). 
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Table G.3. Electron Microprobe Feldspar Analyses Used to Calculate Two-Feldspar 
Temperatures for Gibbon River Sample GRWY7P 
 
2-Feldspar Temp. 
Analysis No. a 
Plagioclase Analysis Number b
Sanidine Analysis 
Number c An Ab Or P1-0 P1-1020 P1R1 
S2-0 2.02 39.26 58.72 T01 T18 T35 
S2-840 2.26 39.90 57.84 T02 T19 T36 
S3-0 1.91 38.78 59.31 T03 T20 T37 
S3-890 2.24 41.60 56.16 T04 T21 T38 
S5-0 2.12 39.57 58.31 T05 T22 T39 
S5-770 2.56 46.03 51.41 T06 T23 T40 
S6-0 2.48 40.87 56.65 T07 T24 T41 
S6-610 2.07 39.07 58.86 T08 T25 T42 
S1R1 2.30 40.37 57.33 T09 T26 T43 
S1R2 2.17 40.48 57.35 T10 T27 T44 
S2R1 2.37 41.72 55.91 T11 T28 T45 
S3R1 2.01 40.17 57.82 T12 T29 T46 
S3R2 2.14 40.56 57.30 T13 T30 T47 
S4R1 2.27 40.39 57.35 T14 T31 T48 
S5R1 2.02 39.45 58.53 T15 T32 T49 
S5R2 2.19 41.49 56.31 T16 T33 T50 
S6R1 2.12 40.64 57.24 T17 T34 T51 
Plagioclase Analysis     
 P1-0 19.89 70.60 9.51 
P1-1020 19.20 71.65 9.14 
P1R1 19.16 71.38 9.46 
a The listed sanidine analyses were paired with each listed plagioclase analysis to calculate 
the corresponding two-feldspar temperature analyses (found in Table G.4). 
b Plagioclase analysis numbers correspond to the analyzed GRWY7P plagioclase number 
(P1) combined with the length along the analyzed traverse of the specific analysis (Table 
D.13, Appendix D) or the GRWY7P rim point analysis number (Table C.6, Appendix C). 
c Sanidine analysis numbers correspond to the analyzed GRWY7P sanidine number (S2 to 
S6) combined with the length along the analyzed traverse of the specific analysis (Tables 
D.9 through D.12, Appendix D) or the GRWY7P rim point analysis number (Table C.4, 
Appendix C). 
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Table G.4. Calculated Two-Feldspar Temperatures for Gibbon River Sample GRWY7P 
 
Calculated Equilibrium 
Temperatures (°C)  
2-Feldspar Temp. 
Analysis No. a 
TAb TOr TAn 
Calculated Temperature 
(°C) b 
T01 825.07 809.62 825.07 819.9 
T02 819.88 806.78 819.88 815.5 
T03 814.51 803.06 814.51 810.7 
T04 834.78 809.99 834.78 826.5 
T05 823.77 807.69 823.77 818.4 
T06 c 854.83 815.12 854.83 841.6 c 
T07 825.31 810.60 825.31 820.4 
T08 813.45 804.90 813.45 810.6 
T09 823.33 808.19 823.33 818.3 
T10 825.66 805.81 825.66 819.0 
T11 835.64 810.08 835.64 827.1 
T12 824.43 806.26 824.43 818.4 
T13 825.77 805.66 825.77 819.1 
T14 825.47 810.30 825.47 820.4 
T15 816.41 801.74 816.41 811.5 
T16 830.73 808.42 830.73 823.3 
T17 829.52 808.90 829.52 822.6 
T18 808.18 797.10 808.18 804.5 
T19 810.81 805.37 810.81 809.0 
T20 805.48 796.28 805.48 802.4 
T21 830.23 791.94 830.23 817.5 
T22 819.58 800.23 819.58 813.1 
T23 c 824.19 782.95 782.95 783.0 c 
T24 816.72 797.66 816.72 810.4 
T25 802.21 782.61 802.21 795.7 
T26 819.37 805.37 819.37 814.7 
T27 813.26 795.65 813.26 807.4 
T28 826.99 799.65 826.99 817.9 
T29 811.11 796.42 811.11 806.2 
T30 817.33 795.45 817.33 810.0 
T31 819.71 799.14 819.71 812.9 
T32 810.71 794.38 810.71 805.3 
T33 820.50 794.77 820.50 811.9 
T34 820.37 800.29 820.37 813.7 
T35 806.62 797.93 806.62 803.7 
T36 817.88 800.90 817.88 812.2 
T37 805.23 799.69 805.23 803.4 
T38 826.72 806.53 826.72 820.0 
T39 809.18 799.21 809.18 805.9 
T40 c 803.86 760.49 760.49 760.5 c 
T41 824.43 805.76 824.43 818.2 
T42 810.86 798.47 810.86 806.7 
T43 821.63 803.20 821.63 815.5 
256
Table G.4. Calculated Two-Feldspar Temperatures for Gibbon River Sample GRWY7P 
(continued) 
 
Calculated Equilibrium 
Temperatures (°C)  
2-Feldspar Temp. 
Analysis No. a 
TAb TOr TAn 
Calculated Temperature 
(°C) b 
T44 815.72 801.58 815.72 811.0 
T45 824.25 804.25 824.25 817.6 
T46 819.43 801.72 819.43 813.5 
T47 818.29 803.58 818.29 813.4 
T48 825.99 805.68 825.99 819.2 
T49 807.84 797.11 807.84 804.3 
T50 819.61 796.84 819.61 812.0 
T51 825.08 804.61 825.08 818.3 
Average c: 813.5 
a Analysis numbers from Table G.3. 
b All analyses, except T23 and T40, produced equilibrium temperatures and their 
calculated temperature is the average of all three concordant temperatures.  Analyses 
T23 and T40 produced close-to-equilibrium temperatures and their calculated 
temperature is the average of the two concordant temperatures (i.e. those within ± 
40°C of each other) (Fuhrman and Lindsley, 1988). 
c Temperatures calculated utilizing sanidine analysis S5-770 were omitted from the 
average calculated feldspar crystallization temperature. 
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